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Section  1. 


CALCULATION  OF  TRACTIVE  EFFORT 

1.  Purpose  and  Method  of  Calculating  Tractive  Effort 

Tractive  effort  must  be  calculated  in  order  to  determine 
the  main  characteristics  of  a  tank  which  enable  it  to  cross  over 
ground  of  a  given  type  at  the  prescribed  speed  and  to  overcome 
assumed  differences  in  height  of  the  terrain. 

When  designing  a  tank  or  a  tracked  towing  vehicle^ 
(tractor  with  tracks)  for  transport  purposes,  the  following  values 
must  be  known  in  order  to  calculate  the  tractive  effort: 

a)  Braking  power  of  the  engine  Ng  in  HP. 

b)  Minimum  traveling  speed  vm^n  in  km/h. 

c)  Speed  gradations  (between  maximum  and  minimum  speed)  V2, 
v3  .  .  .  .  vr  _  1  in  km/h. 

d)  Average  speeds  in  the  various  speed  levels  v^  in  km/h. 

e)  Angle  of  inclination  and  gradient  of  slope  (in  relation  to  the 
pertinent  preconditions  for  the  trip)  tX  (in  degrees)  or  i  =  tg  a 
(in  percentage). 

f)  Accelerations  b  in  m/sec^,  which  come  into  consideration 
with  the  given  preconditions  for  the  trip. 

g)  The  weight  of  the  load  C  in  kg,  which  can  be  towed  with  the 
pertinent  preconditions  for  the  trip. 

h)  The  distance  s  in  m  and  the  time  span  T  in  sec.  for  the 
start-up  and  braking  of  the  tank. 

As  preliminary  data  for  solving  the  given  problems  we 
use  the  so-called  preconditions  for  the  construction  plan  of  the 
tank. 


Customarily  the  following  data  are  given  in  the  con¬ 
struction  plan: 

a)  Combat  weight  G  (of  the  tank)  or  the  weight  of  the  towed  load 
Ga  (or  the  tracked  towing  vehicle); 


Note:  Henceforth  the  tracked  towing  vehicle  will  be  mentioned  only 
when  some  special  feature  is  involved  in  the  calculation. 
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b)  Armor  plating  and  armaments; 

c)  Maximum  speed  vmax  at  the  best  preconditions  for  the  trip 
(height  differences  of  the  terrain  and  type  of  ground); 

d)  Maximum  angle  of  gradient  to  be  surmounted 

Sometimes,  in  addition  to  those  enumerated  so-called 
main  requirements,  there  are  additional  ones  such  as: 

a)  Minimum  allowable  number  of  gear  ratios  i . ; 

b)  Desirable  speeds  v^j; 

c)  Allowable  specific  pressure  on  the  ground  q  (km/cmc); 

d)  Maximum  allowable  dimensions  --  length  L,  width  B  and 
height  H; 

e)  Maximum  angle  of  longitudinal  and  transverse  stability  <X max 

and  )3  ; 

~  max’ 

f)  Ground  clearance  (height  of  the  lowest  point  of  the  body  above 
the  road). 

The  following  method  was  introduced  for  calculating 
tractive  effort: 

First,  all  exterior  forces  and  movement  resistances 
were  determined  which  effect  the  tank  in  its  forward  progress. 

In  the  case  of  a  towing  vehicle  we  determine  in  addition 
its  weight  at  the  prescribed  most  difficult  travel  conditions. 

Then,  the  forces  when  towing  and  operating  the  tank  are 
determined. 

When  we  have  determined  the  required  power  output  of 
the  engine  and  when  we  know  the  most  difficult  preconditions  for 
the  trip  according  to  the  technical  requirements,  there  are  no 
further  difficulties  in  determining  the  required  minimum  travel 
speed  vmin  and  solving  all  other  problems  in  regard  to  calcu¬ 
lating  tractive  effort. 

It  is  natural  then,  that  we  should  be  able  to  check  the 
above -cited  values  for  the  tank  in  question  according  to  the  method 
for  calculating  tractive  effort. 


2.  The  Exterior,  Inertia  and  Moment  Resistances  which  generally 
Effect  a  Tank  Under  Motion. 

We  now  wish  to  give  closer  consideration  to  the  mechan¬ 
ical  movement  of  a  tank.  The  drive  sprocket  C*  of  the  tank  is  driven 
by  the  transmission  of  the  tank  engine  (Fig.  1). 

In  the  process,  the  drive  sprocket  tightens  the  track  and 
moves  it  under  the  tank.  Since  the  track  is  pressed  against  the 
earth's  surface  by  the  weight  G  of  the  tank,  and  the  counterpressure 
P  of  the  earth's  surface  is  exerted  upward  between  the  track  and  the 
earth's  surface,  the  track  is  resisted  from  slipping  along  the  ground. 

The  one-piece  track  pulled  by  the  drive  sprocket  under  the 
road  wheels  causes  the  tank  to  move  forward  onto  the  path  formed 
by  the  track. 


The  part  of  the  track  links  thus  freed  are  moved  away 
from  the  earth's  surface,  over  the  drive  sprocket  and  back  onto 
the  earth's  surface. 

The  exterior  propulsive  force  for  any  movement  of  the 
tank  is  designated  as  tractive  effort  and  is  exerted  in  the  direction 
opposite  track  motion. 


P 

Figure  1.  -Mechanics  of  Motion  on  a  Tank  (movement  phen¬ 
omena) 

The  amount  of  this  force  is  significantly  influenced  either 
by  the  extent  of  the  torque  exerted  on  the  drive  sprocket  by  the 
engine  or  by  available  ground  traction. 

The  tractive  effort  .P<j  is  determined  according  to  the 
amount  of  torque  exerted  on  the  track. 


3. 


If  M  is  the  torque  exerted  on  the  drive  sprocket,  and 
r  is  its  radius,  then  the  tractive  effort  of  the  engine  is  expressed 
by  the  following  formula: 


Pd  = 


(1) 


It  appears  that  the  larger  the  torque  M  or  the  smaller 
the  radius  of  the  drive  sprocket  r,  the  greater  the  initial  thrust 
P  transmitted  to  the  earth's  surface. 

In  reality  there  is  a  maximum  value  of  this  force  which, 
when  exceeded,  causes  the  track  to  slip  on  the  earth's  surface. 

The  maximum  value  of  the  tractive  effort  which  is  governed 
by  the  tractive  capacity  of  the  earth's  surface  is  designated  as  . 

P<p  is  proportional  to  the  weight  of  the  tank,  which  is 
equal  to  the  counteraction  of  the  earth's  surface  Q  on  the  resist¬ 
ance  surface  of  the  tank. 

The  coefficient  of  the  direct  ratio  is  designated  as  trac¬ 
tion  coefficient. 

Thus, 


P  y  =  ?Q  (2) 

The  dependence  and  size  of  the  coefficient  is  treated 
in  more  detail  later  on  in  the  text. 

On  the  basis  of  this  information  we  have  the  inequality 

pd  <  P<p  (3) 

a  precondition  that  the  tracks  do  not  "grind"cr  slip. 


We  wish  to  determine  the  point  of  application  of  the  force 

P. 

For  this  purpose  we  wish  to  consider  some  of  the  track 
links  (Fig.  2). 


Figure  2.  Effect  of  Ground  Reaction  on  the  Track  Links 

In  Fig.  2,  Pz  and  Pq  represent  the  points  of  application 

of  the  track  ends,  while  Gj,  G2  and  G3 . are  the  loads 

transmitted  by  the  road  wheels. 

As  a  result  of  friction  and  traction  of  the  grips  on  each 
track  link,  countereffects  are  caused  by  the  earth's  surface, 
each  of  which  can  be  analyzed  in  the  following  individual  compo¬ 
nents:  the  vertical  components  Q,  and  the  horizontal  compo¬ 
nents  P^. 

Of  course  the  tangential  countereffects  (reactions)  P 
of  the  earth's  surface,  which  are  exerted  in  the  direction  of 
travel,  are  distributed  on  the  under  surfaces  of  the  track  links, 
insofar  as  these  are  subject  to  traction  on  the  earth's  surface, 
as  well  as  between  the  ends  of  the  grips. 

Without  committing  greater  errors,  this  force  can  be 
considered  as  lying  in  the  plane  of  the  track  tread. 

The  next  group  of  exterior  forces  are  the  weights  of  the 
individual  tank  parts,  which  can  be  replaced  by  the  force  G, 
which  is  equal  to  the  weight  of  the  tank  as  a  whole  and  to  the  force 
of  gravity  exerted  at  its  center  point. 

This  force  can  be  analyzed  in  the  following  components: 
the  components  G  sin  ex.  running  (parallel)  to  the  plane  of  motion 
and  the  components  G  cos  Oc  situated  vertically  to  this  plane  (see 
Fig.  3). 

The  force  G  sin  Of  is  designated  as  slope  resistance. 


r 


When  traveling  uphill,  the  force  G  sin  Oc  is  exerted 
opposite  the  direction  of  travel  and  exerts  resistance  against 
forward  motion  while,  when  traveling  downhill,  it  is  exerted  in 
the  direction  of  travel  and  becomes  a  moving  force. 

Since  the  tank  cannot  surmount  gradients  of  more  than 
45°,  the  force  G  sin  fluctuates  between  0  and  0.  7  G. 

The  force  G  cos  CX  is  the  adhesion  weight  of  the  tank 
when  traveling  without  a  trailer;  it  changes  in  relation  to  the 
amount  of  the  angle  of  gradient  from  G  to  0.  7  G. 

When  the  angle  of  gradient  &  increases,  the  components 
of  the  weight  G  sin  cx  increase  relatively  more  rapidly  than  the 
other  components.  G  cos  a  becomes  smaller. 


Figure  3.  Exterior  Forces  and  Moments  of  Force  effecting  the 

Tank 

We  will  assume  that  the  tank  is  loaded  on  the  towing 
shackle  with  the  force  the  direction  of  which  forms  the 

angle  y  with  the  tank's  plane  of  travel. 

Consequently,  the  force  can  he  analyzed  in  compo¬ 

nents: 

those  running  with  the  plane  of  travel 

Rg  -= .  Rk  cos  y, 

which  exerts  travel  resistance  and  those 

Rk  sin  y  =  Rg  tg  y, 

which  run  vertically  to  this  plane  and  increase,  or  decrease  the 
adhesion  weight  or  the  countereffect  of  the  earth's  surface  Q. 


6. 


We  assume  that  the  force  of  air  resistance  R  is  ex- 

w 

erted  at  the  center  point  of  the  bow. 

This  force  originates  during  travel  of  the  tank  for  the 
following  reasons: 


a)  by  the  pressure  of  air  particles  on  the  frontal  surface 
of  the  tank; 

b)  by  the  resultant  thinning  out  of  the  air  behind  the  tank, 
so  that  the  pressure  on  the  front  of  the  tank  is  not 
completely  equalized  by  the  air  pressure  on  the  rear; 

c)  by  the  friction  of  air  particles  on  the  upper  surface 
of  the  tank. 


The  force  of  air  resistance  is  calculated  according  to  the 
following  empirical  formula: 

Rw  =  KFv2  (4) 

where  v  is  the  assumed  tank  speed,  K  is  the  coefficient  of  air 
resistance  equal  to  0.065  kg/s^/m^,  in  case  v  is  expressed  in 
m/s  or  0.0048  kg/h^/mZkm^,  and  in  case  v  is  expressed  in 
km/h. 


F  we  assume  is  approximately  equal  to  the  product  of 
the  full  tank  height  H,  subtracting  ground  clearance  Hpj,  with 
the  tank  track  width  B  (Fig.  4): 

F=(H-Hk)B  (5) 


At  speeds  below  50  km/h  the  force  of  air  resistance  Rw 
can  be  disregarded  because  it  is  so  small. 


7. 


We  do  not  wish  to  deal  with  individual  cases  in  which  a 
strong  headwind  is  encountered  at  low  speed. 

EXAMPLE 

It  is  assumed  that  a  tank  is  traveling  along  a  road  at  30  km/h. 

The  numerical  data  for  the  tank  is  as  follows: 

B  =  2. 03  m 
H  =  2.19  m 
=  0.29  m 

Thus , 

K(H  -h)  fiv*, 


that  means 


Ur  -  0,0048  •  1,9  •  2,03  30J  =  approx.  17  kg 


(we  do  not  consider  the  force  of  the  wind). 

If  the  output  of  the  tank  engine  is  Ne  =  90  HP,  then  the 
tractive  force  Pd  exerted  by  the  engine  can  be  expressed  as 
follows: 


ft 


75  N.r, 
v 


(6) 


where  >j  is  the  tank  efficiency,  while  v  is  the  tank  speed  in  m/s. 

If  the  speed  of  the  tank  v  is  given  in  km/h,  then  the 
tractive  force  emanating  from  the  engine  takes  the  following  form: 


p  _  75  •  3,6  •  N,  r,  _  £70  N,  rj 


In  our  case,  Pd  is  approximately  610  kg,  the  efficiency 
of  the  tank  rj  is  assumed  to  be  0.  75. 

In  other  words: 

Rw  =  approx.  0.  03  Pd, 

that  is  to  say  a  value  which  can  be  disregarded  because  when 
making  a  numerical  comparison  of  the  travel  resistance  /(Gj-H2) 
of  two  tanks  of  one  and  the  same  manufacturing  series,  the  differ¬ 
ence  can  attain  a  still  higher  value. 


8. 
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When  we  assume  another  relation  with  the  same  tank 
and  the  same  preconditions,  that  the  speed  will  amount  to  50 
km/h,  we  obtain  for  air  resistance: 

Rw  =  approx.  0.  09  P,j 

that  is  to  say  a  value  which  is  so  small  that  it  can  be  neglected. 

When  traveling  over  soft  ground,  the  tank  compresses 
the  ground  with  its  tracks  which  causes  vertical  and  horizontal 
counter pressures. 

If  the  load  of  all  road  wheels  is  equal,  or  is  greater  on 
the  first  road  wheel  than  on  the  succeeding  ones,  then  in  the  first- 
mentioned  case  the  track  pressure  has  a  rectangular  form  (Fig.  5a) 
and  in  the  second  case  has  the  form  of  a  trapezoid  (Fig.  5b). 

In  this  case  the  first  road  wheel  deforms  the  ground  when 
it  comes  into  contact  with  non-compacted  soil,  while  the  other 
road  wheels  move  in  the  track  which  has  already  been  made. 

The  opposite  occurs  when,  for  example,  loads  in  the 
trapezoidal  form  (Fig.  5c)  occur  when  the  tank  is  rear-heavy. 

Now  the  other  road  wheels  will  contribute  to  the  deformation  of 
the  earth. 

The  resultant  force  of  all  horizontal  countereffects  of  the 
earth  on  the  track  R  (Fig.  6)  which  is  exerted  opposite  the  direc¬ 
tion  of  travel,  is  designated  as  "Resistive  force  against  the  di¬ 
rection  of  travel".  From  this  force  it  is  assumed  that  it  stands 
in  direct  ratio  to  the  adhesion  weight  of  the  tank,  where  the  co¬ 
efficient  of  the  direct  ratio  is  designated  as  coefficient  of  travel 
resistance  f 

R  =  /  Q  (8) 

The  significance  of  this  coefficient  /,  the  values  with 
which  it  is  associated  as  well  as  the  method  of  ascertaining  it, 
will  be  studied  later. 

The  resultant  force  R  is  to  be  assumed  between  the 
lower  contact  surfaces  of  the  track  links  with  the  ground  and  be¬ 
tween  the  ends  of  the  grips  at  a  certain  height  A  above  the  track 
level. 
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If  we  are  dealing  with  a  smooth  tank  track  arrd  if  the 
tank  is  traveling  over  solid  ground,  it  can  be  calculated  that  this 
force  is  exerted  on  the  contact  surface  of  the  track  links  by  the 
earth's  surface. 

Finally,  it  is  necessary  to  calculate  the  resultant  force 
Q  of  all  normal  counteractions  of  the  earth's  surface  to  the  total 
of  exterior  forces  (see  Fig.  3).  This  force  appears  at  the  pres¬ 
sure  center  point  of  the  track  on  the  earth's  surface. 


Figure  5.  Load  Plan 

The  position  of  the  pressure  center  point  is  in  no  sense 
uniform,  but  changes  within  the  limits  of  the  tank  supporting  sur¬ 
face  in  relation  to  its  type  of  movement  and  the  total  number  of 
forces  exerted  on  it  (see  Section  II  Stability). 

Correspondingly,  in  the  general  case  of  tank  movement, 
the  following  forces  are  exerted  on  the  tank  (see  Fig.  3): 

=  Tractive  effort  P, 

=  Weight  components  G  cos  of  and  G  sin  , 

=  Traction  components  on  the  hook  and  tg  y  , 

=  Force  of  the  travel  resistance  R, 

=  Resultant  force  of  all  normal  reactions  of  the  earth's 
surface  Q. 


10. 


Since  later  on  the  principle  of  d'Alembert  is  applied  when 
equilibrium  is  established,  we  now  wish  to  consider  the  inert  forces 
and  the  moments  of  inertia  more  closely. 

When  considering  the  non-uniform  forward  movement  of 
the  tank,  we  introduce  the  concept  of  the  inertia  forces  of  forward 
moving  masses. 

The  force  B  (Fig.  3)  resulting  from  these  forces  is  ex¬ 
erted  on  the  center  of  gravity  of  the  tank  and  is  the  product  of  the 
mass  of  the  tank  and  its  acceleration. 

It  is  parallel  to  the  road  and  in  the  opposite  direction  to 
the  forward  acceleration  of  the  tank  b 

B  =  —  b  (9) 

g 

The  force  of  inertia  can  reach  a  considerable  value  when 
starting  up  suddenly  from  a  standing  position  or  when  braking  sud¬ 
denly. 


Figure  6.  Deformation  of  the  Earth's  Surface  by  the  Road  Wheels 

All  individual  tank  parts  participate  in  its  forward  move¬ 
ment.  Some  of  them  undergo  a  rotational  mbvement  opposite  the 
tank  body. 

The  tangential  forces  of  inertia,  which  result  from  a  non- 
uniform  rotational  movement,  form  corresponding  moments. 

We  wish  to  designate  the  sum  of  the  moments  of  tangential 
forces  of  inertia  of  the  rotating  components  from  the  engine  to  the 
drive  sprocket  with  reference  to  this  gear  as  (Fig.  3)  and  the 

sum  of  the  moments  of  the  tangential  inert  forces  of  the  rotating 
components  behind  the  drive  sprocket  with  reference  to  this  gear 
as  M2 . 

To  the  first  group  belong  the  main  clutch,  the  steering 
clutches,  the  final  drive,  the  shafts  and  the  wheels  of  the  gear  shift. 
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The  moment  of  inertia  of  some  individual  parts  of  this 
group  is  expressed  in  the  following  formula: 

.  (10) 


Herein: 

Ji  is  the  moment  of  inertia  of  this  individual  part 
opposite  its  rotational  axis  and 

£i  is  the  angular  acceleration  of  the  part. 

If  the  angular  acceleration  is  converted  into  a  linear 
acceleration  b  of  the  tank  (without  taking  slip  of  the  tracks  into 
account),  we  obtain  the  following  equation: 


d  tu,  d  t> 
d  /  r  dl 


(ID 


In  this  case,  i  is  the  ratio  of  the  respective  individual 
parts  to  the  drive  sprocket  and 

r  is  the  radius  of  the  drive  sprocket, 

W  =  angular  velocity. 

After  recalculating  the  moments  of  inertia  of  the  parts 
of  this  group  to  the  drive  sprocket  circumference,  we  obtain  the 
following  formula: 


(12) 


To  the  second  group  belong:  The  drive  sprocket  and  idler 
wheel,  the  track  supporting  wheel  and  the  road  wheels  as  well  as 
the  track.  The  moment  of  inertia  of  an  individual  part  of  this  group 
is  expressed  in  the  following  formula: 

*r<  =  Ji  u  (13) 


where  Ji  is  the  moment  of  inertia  of  this  individual  part  opposite 
the  rotational  axis  and  6^  is  the  angular  acceleration  of  this  part. 

When  we  transform  this  angular  acceleration  £  ^  to  linear 
acceleration  bi  of  the  tank  (without  considering  the  slip  of  the 
wheels),  we  obtain  the  following  formula 


(14) 
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because 


do),  _  d  v  1  _  I 
*'  *  d  i  ~  d  (  rt  _  fj 


(15) 


Here  is  the  rotational  radius  of  the  appropriate  indi¬ 
vidual  part. 

After  recalculating  these  moments  of  inertia  to  the  cir¬ 
cumference  of  the  drive  sprocket,  we  obtain  the  total  moment  in 
the  following  formula: 

(16) 


Here  J  and  r  are  the  moments  of  inertia  relative  to 
the  radius  of  the  drive  sprocket  and  its  radius. 


In  addition,  the  tracks  move  around  the  outside  of  the 
tank  at  a  relative  velocity  vr  which  is  equal  to  the  forward  mov¬ 
ing  speed  of  the  tank  v  (if  the  track  does  not  "grind"  on  the  spot). 

The  corresponding  force  of  inertia  is 


(17) 


where  Gj.  is  the  weight  of  the  track. 


Consequently,  the  total  force  of  inertia  of  the  non-uni- 
formly  rotating  individual  parts  of  the  tank,  if  this  force  is 
recalculated  to  the  drive  sprocket,  is  expressed  in  the  following 
formula: 


(18) 


The  full  force  of  inertia  of  the  tank  is  expressed  by: 


or  we  obtain,  if  we  replace  the  expression  in  parentheses  by  6 , 
finally: 


B  as  <J—  b 
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(20) 
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The  coefficient  (f  is  designated  as  the  coefficient  of  the 
apparent  increase  of  the  mass  due  to  the  presence  of  relative 
movements  of  the  individual  tank  parts. 

3.  Equilibrium  of  Forces  of  the  Tank 


Applying  the  principle  of  d'Alembert,  we  write  the 
equation  of  the  projections  on  the  longitudinal  axis  of  the  tank  of 
all  the  forces  effecting  it,  and  of  the  mass  acceleration. 

We  are  assuming  that  the  tank  surmounts  a  slope  having 
an  angle  Ci  under  acceleration.  In  this  case 


r* 

P  *  /  ^  0  pin  ol  -f~  Pt  4“  Hu  4 - & 
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(21) 


From  this  it  can  be  seen  that  all  exterior  forces  which 
exert  resistance  during  travel  as  well  as  the  force  of  inertia 
under  forward  movement  are  equalized  by  the  tractive  effort  of 
the  tracks.  This  exterior  tractive  effort  is  the  tangential  reaction 
of  the  earth's  surface  itself  on  the  tracks,  exerted  in  the  direction 
of  travel. 


It  has  already  been  mentioned  that  the  maximum  value  of 
P  <p  of  this  exterior  tractive  effort  is  stipulated  by  the  adhesive 
properties  of  the  ground  and  is  designated  as  adhesion. 

Thus,  the  exterior  tractive  effort  corresponds  to  the 
circumferential  force  of  the  drive  sprocket.  This  force  must  be 
dissipated  by  the  engine  (we  will  temporarily  neglect  the  force 
losses  in  the  track  and  the  slip  loss  in  the  track). 


Equation  (21)  can  be  reconverted  into  the  following  form: 


in  which  Ri  is  the  sum  of  all  resistances  with  the  exception 
of  the  force  of  inertia  of  drive  acceleration. 


If,  then, 


Z  P9 
2  *.  >P,<Pf 


the  movement  will  proceed  uniformly. 


(22) 

(23) 
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tion. 


Other  conditions  correspond  to  starting  up  and  accelera- 


Finally,  if  the  inequality 

^Ri>P£l\  (24) 


applies,  where 


a  deceleration  occurs,  which,  as  will  be  proven,  can  lead  to  the 
engine  stalling. 

If  the  road  wheels  do  not  rotate  uniformly,  formula  (21) 
is  written  in  the  following  form: 


P  =IQ+Gsmef+  Rt  +  Rw  +  6x—b  (25) 

If  we  knew  the  traveling  speed  v  ,  then  if  we  knew  the 
tractive  effort  of  the  track,  we  could  calculate  the  power  efficiency 
required  for  traveling  on  the  track,  i.  e. 


(where  we  assume  for  the  time  being  that  the  coefficient  (efficiency) 
of  the  track  is  equal  to  1), 

Even  if  we  assume  that  the  efficiency  of  the  transfer  of 
force  onto  the  drive  sprockets  is  equal  to  1,  this  power  efficiency 
Nr  cannot  equal  that  power  efficiency  required  from  the  engine; 
it  must  be  either  larger  or  smaller  according  to  whether  we  are 
dealing  with  an  acceleration  or  a  deceleration. 

This  may  be  explained  by  the  fact  that  on  the  path  which 
the  flux  of  force  takes  from  the  engine  to  the  drive  sprockets  or 
from  the  drive  sprockets  to  the  ground,  a  series  of  individual 
phenomena  occur  which  store  up  energy  at  acceleration,  or  which 
give  off  stored  up  energy  at  deceleration. 

Consequently,  the  efficiency  of  the  engine  under  travel 
at  non-uniform  speed  must  be  determined  according  to  the  follow¬ 
ing  formula 


Fv 

75 
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where 


r^P  +  s-  b 
s 


(26) 


When  the  tank  travels  without  a  trailer  (P'k  =  0) 

(Rw  =  approx.  0)  Eq.  (21)  takes  on  the  following  appearance: 


„  G  x  (21a) 

P  =  /(?cosoi-fOBin*+/?lc-l - b 
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At  uniform  speed  (b  =0)  under  rapid  travel  (but  below 
50  km/h),  the  tank  can  surmount  a  maximum  angle  of  inclination 
from  5-6°;  consequently  cos  &  1  and  sin#**'/  tg c*.  =  i. 

Then, 

+  (26a) 

When  surmounting  an  inclination  greater  than  Oc=6°  and  with 
uniform  travel,  such  an  approximate  value  is  too  rough;  conse¬ 
quently,  P  must  be  determined  according  to  the  following  formula: 

P  *=(/©os  cc  +  sin  a)  G  (26b) 

With  regard  to  the  coefficient  6  of  the  apparent  increase 
of  the  tank  mass,  the  following  observations  can  be  made. 

As  is  evident  from  formula  (19),  the  value  of  the  gear  ratio 
i  from  the  engine  to  the  drive  sprockets  exerts  the  greatest  influence 
on  the  size  of  the  coefficient  (f  ,  because  the  value  of  this  ratio  is 
contained  in  the  formula  squared. 

Of  the  resultant  empirical  formulas  for  the  determination 
of  the  coefficient  (5  ,  the  following  formula  gives  corresponding 
results  with  reasonable  accuracy  in  a  series  of  cases: 

»  =  1,2  +  0,002  (J  (27) 

Here  iQ  is  the  general  numerical  value  of  the  transfer 
from  the  engine  to  the  track. 

When  accelerating  the  tank  with  the  steering  clutch  disen¬ 
gaged,  the  coefficient  6  is  approximately  1.3-1. 4. 

The  combined  multipliers  f  +  i  and  f  cos  c*  +  sin  oi  in 
formulas  (26a)  and  (26b)  are  designated  as  the  coefficient  of  total 
travel  resistance  of  the  tank;  it  is  designated  with  the  sign  fQ. 


4.  Operating  Equilibrium  of  the  Tank 


The  operating  equilibrium  of  the  tank  is  designated  as 
the  distribution  of  engine  power  efficiency  on  the  individual  types 
of  resistance. 

Consequently,  in  case  the  traction  equilibrium  of  the  tank 
is  expressed  in  the  formula: 


/>'=  /<?  +■  6sm«c+  HK  +  Rlt  +  s  —  b 
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(28) 


its  operating  equilibrium  is  expressed  by  the  following  formula: 

Ne*>Nf±Nat+Nft  +  Nu>±Nl)  (29) 


If,  however,  the  power  loss  of  the  power  plant  is  con¬ 
sidered  in  addition,  then 


/Vtf  =r  Nn  +  Nf±  nc(+  Nk+  N„±Vk 


(30) 


N  ^  is  the  power  loss  brought  about  by  the  power  plant. 

As  is  well  known,  the  actual  power  efficiency  of  an  engine 
is  expressed  by  the  following  formula: 

N.=  Ni—Nr  (31) 

in  which  is  the  nominal  power  and  Nr  the  friction  loss. 

In  connection  with  what  types  of  power  losses  are  in¬ 
cluded  in  Nr  and  what  is  understood  by  N^,  the  value  is  deter¬ 
mined  by  Ne. 

Usually  we  include  in  the  value  Nr  only  the  loss  of  power 
due  to  inner  friction  and  power  loss  of  the  engine  by  the  following 
individual  parts:  Oil  and  water  pump,  the  usual  electric  equipment 
and  the  fuel  pump. 

The  power  loss  caused  by  the  blower  is  considered  only  in 
the  case  of  the  engine  with  air  cooling. 

Consequently,  when  using  high  power  engines  patterned 
after  aircraft  engines  with  a  power  of  Ne,  the  loss  caused  by  the 
ventilator  is  not  taken  into  account;  it  would  have  to  be  taken  into 
account,  however,  and  formula  (30)  would  have  to  be  written  in  the 
following  form: 


K—  W,  =  =  Nn  +  JV,±  JV*+  +  Hr  ±  Nt. 


(32) 


The  power  Nj  required  from  the  blower  is  expressed 
by  the  following  ratio: 

- - -  Cy  H, 

in  which  C  is  a  constant  coefficient  which  characterizes  the 
blower,  y  is  the  air  density  in  kg/m3,  n  is  the  rotational  vel¬ 
ocity  of  the  engine  per  minute. 

Ne  of  Figure  7is  the  fuel  consumption  of  the  blower  at 
various  engine  rotational  velocities  recorded  for  an  engine  output 
of  500  HP  at  n  =  1445  rpm. 

The  consideration  of  the  loss  by  the  blower  at  various 
engine  rotational  velocities  can  be  summarized  in  the  following 
formula: 


(33) 


The  power  N^,  required  from  the  blower  at  various 
velocities  (rotational)  of  the  engine  is 

Table  1. 


nd 

Ni 

1200 

46 

1300 

58 

1400 

73 

1500 

89 

1600 

109 

The  top  part  of  Fig.  7  depicts  the  characteristic  line  of 
an  airplane  engine,  below  the  characteristic  line  with  the  engine 
choked  and  on  the  very  bottom  the  same  characteristic  line  having 
subtracted  blower  output. 

All  calculations  must  be  conducted  taking  into  consideration 
this  changed  characteristic  line. 

To  make  a  comparison  between  the  various  tanks  in  regard 
to  their  maximum  velocity,  the  following  formula  must  be  used: 


(34) 


here  Nq  is  the  output  which  the  tank  develops  per  ton  of  weight, 
G  is  the  weight  of  the  tank  in  tons. 


Sometimes  the  output  is  related  to  the  product  of  weight 
and  velocity 


(35) 


where  Ng  represents  the  actual  power  output  of  the  tank  engine 
without  consideration  of  the  power  consumption  by  the  blower. 

With  the  assumed  maximum  velocity  of  the  tank,  the 
power  equilibrium  of  the  tank  can  be  written  down  in  the  following 
form: 


Nd  =  Nf+  N« 


(36) 


The  power  equation  of  the  tank  with  the  same  type  of 
travel  is  as  follows: 


P  =  (I  +  i)  G 


The  value  i  of  the  inclination  which  is  to  be  surmounted 
at  maximum  speed  without  shifting  gears  is  usually  assumed  to  be 
from  0.  04  -  0.  06. 


If  (according  to  the  technical  preconditions  for  the  con¬ 
struction  of  the  tank)  the  maximum  speed  of  the  tank  vmax  is 
known,  and  if  at  this  velocity  the  tank  travels  in  a  uniform  manner, 
then  the  required  output  of  the  tank  can  be  calculated  according  to 
the  following  formula 


Nd  = 


P  tTmai 

270  7  ’ 


(37) 


in  which  is  the  output  of  the  tank. 

This  formula  is  also  used  for  determining  the  required 
power  of  the  tank. 

The  required  power  of  a  tracked  towing  vehicle  (tractor 
with  tracks)  is  determined  in  a  different  manner. 

In  reality,  in  the  case  of  technical  preconditions  for  the 
construction  of  a  towing  vehicle  with  tracks,  the  weight  G  of  the 
towing  vehicle  is  not  prescribed,  but  only  the  weight  of  the  load 
Gn  to  be  towed. 
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Figure  7.  Engine  Characteristic  Lines  with  Consideration  of  Power 

Los  s 

In  order  now  to  apply  formula  (37),  the  weight  of  the  towing 
vehicle  must  be  determined  beforehand. 

The  weight  of  the  towing  vehicle  is  determined  for  trips 
under  the  most  difficult  conditions,  that  is  to  say  for  the  maximum 
possible  tractive  effort  on  the  tracks  which,  as  already  mentioned, 
cannot  be  greater  than  Pep  because  of  ground  adhesion. 

In  this  manner  we  obtain  the  equation 

Pf  *={/oofi  et  -f  sin  cc)G  +  (/„  cos  *  -f  sin  or)  Gn  =  /8  G  4-  fc«  O'*. 


for  travel  under  the  most  difficult  preconditions. 


Since  now  P?  =  <pG  cos#’  ,  the  weight  of  the  towing 
vehicle  to  be  determined,  assuming  that  the  resistance  coefficients 
against  the  movement  of  the  towing  vehicle  and  of  the  trailer  are 
equal,  appears  in  the  following  formula: 


c  =  Q  (/  COS  a  +  Bin  x)  _  G  _ ^ 

”  {<p I)  <us  a — tsin  a  "91  cos  « 


=  <?„ 


/+  tg« 
9>—  /— 


(38) 


As  soon  as  the  weight  of  the  towing  vehicle  has  been  de¬ 
termined,  there  are  no  further  difficulties  in  calculating  the  re¬ 
quired  power  output  of  the  engine;  it  is 


Nt  = 


P 

270  tj  ’ 


where : 

P  =  (/  +  *)  (G  +  Gn) 


5.  The  Mechanical  Efficiency  of  the  Tank 

The  mechanical  efficiency  of  the  tank  is  expressed  by  the 
product  of  the  efficiencies  of  all  series -connected  transmission 
mechanisms  from  the  engine  up  to  and  including  the  track. 

When  the  power  output  of  the  tank  engine  is  Ne  and  the 
power  losses  in  the  power  plant  are  ,  then  the  efficiency  of 

the  tank  appears  in  the  following  formula: 

...  n,-n, 

V  N. 

On  the  other  hand  the  efficiency  is 

n  ini’ll - ’I”’ 


(39) 


(40) 


in  which  >7  2  n  are  mechani-cal  efficiencies  of  the 

series-connected  power  plant  parts. 

Such  mechanical  power  plant  parts  are  spur  gear  pairs, 
bevel  gear  pairs,  sometimes  worm  gears  and  finally,  the  tracks. 

The  mechanical  efficiency  of  the  toothed  wheel  gear 
(according  to  Kammerer  and  Kranz)  is  stipulated  by  the  lubricated 
condition  of  the  gear  wheels  and  the  appropriate  oiled  locations,  by 
the  load  on  the  teeth  and  the  level  of  rotational  speed. 


Figure  8.  Schematic  Representation  of  the  Tank  Power  Plant 
Drive  Schematic  of  the  Tank 


Table  2  contains  a  compilation  of  the  basic  values  in  re¬ 
gard  to  the  mechanical  efficiency  of  individual  tanks. 

Table  2. 

Efficiencies  of  Tank-Power  Plant  Parts 


Table  3  gives  the  basic  values  of  coefficients  pertinent 
to  the  track  dependent  on  tank  traveling  speed. 


Table  3. 

Efficiency  of  the  Track  (according  to  Karatschian) 


Traveling  Speed 
in  km/h 


Efficiency 


0-5 

5-10 


0. 95  -  0.  90 
0.  90  -  0.  85 


10  -  20 


0.80  -  0.75 


The  results  of  the  tests  on  the  training  grounds  in  Aber¬ 
deen  (United  States)  have  proven  that  the  efficiency  of  the  track  is 
influenced  by  the  following  factors: 

a)  By  the  traveling  speed  of  the  tank:  the  higher  the  travel¬ 
ing  speed,  the  greater  the  power  loss  in  the  track.  In 
fact,  centrifugal  force  and  the  stress  of  the  track,  thus 
also  the  power  loss  increases  with  an  increase  of  tank 
traveling  speed  due  to  the  interactions  of  the  track  with 
the  drive  sprocket,  which  is  unavoidable; 

b)  By  the  transmitted  power  efficiency:  the  efficiency  be¬ 
comes  smaller  with  an  increase  of  transmitted  power; 


I  • 

I  $ 
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Figure  9.  Friction  in  the  Joints 
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c) 


By  the  degree  of  track  tension:  the  value  T,  the  friction 
in  the  track  joint,  can  be  expressed  by  the  following 
formula  (see  Fig.  9): 


7*  = 


in  which y.  is  the  friction  coefficient  of  the  joint,  P  is  the  tension 
of  the  track  link  per  kg,  d  is  the  diameter  of  the  track  bolt  (in 
cm),  y  is  the  cut-off  angle  of  the  link  in  comparison  with  the 
following  track  link  (in  degrees); 


Figure  10.  Graphic  Representation  of  Tests  on  the  Aberdeen 

Proving  Grounds 


1  =  two  sprocket  wheels,  dry  track 

2  =  steel  idler  wheel 

3  =  the  same  idler  wheel  with  rubber  tire 

4  =  same,  where  the  bolt  bearing  is  lubricated 

5  =  same,  with  a  new  drive  sprocket 

6  =  the  drive  sprocket  is  replaced  by  an  idler  wheel  with  rubber 

tires . 

d)  By  the  length  of  the  track.  The  longer  the  track  with  other¬ 

wise  equal  preconditions,  the  greater  the  power  loss; 


e) 


By  the  design  of  the  track  and  the  manner  in  which  it 
meshes  with  the  drive  sprocket; 


L 
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f)  By  the  operating  condition  of  the  track  (whether  the  track 

links  are  dry  or  well-lubricated)  and  by  the  amount  of 
wear  on  the  track  joints. 

Fig.  10  gives  a  graphic  representation  of  tests  on  the 
Aberdeen  proving  grounds. 

This  demonstrates  the  influence  of  the  many  variables 
on  the  efficiency  of  the  track. 

The  test  equipment  is  shown  in  Fig.  11. 


Generator  Reduction  Gear 


Figure  11.  Test  Arrangement  for  the  Determination  of  Track 

Efficiency 

Above:  Current  Generator  --  Transfer  Gear 
Below:  Engine  --  Transfer  Gear 


The  engine  turns  the  track  by  means  of  a  reduction  gear 
and  transmits  to  it  the  power  Nj,  which  is  converted  into  electri¬ 
cal  energy  in  the  current  generator.  If  a  power  of  Nj  HP  is 
directed  to  the  track  and  only  N£  is  taken  off  by  the  current  gen¬ 
erator,  then  the  loss  in  the  track  is  Nq  =  Nj  —  N£. 


25. 


Figure  12.  The  Influence  of  Drive  Sprocket  Arrangement  on  Track 
Efficiency.  The  deflection  points  caused  by  load  are 
indicated  by  dots. 

Above:  Drive  Sprocket 


It  is  not  recommended  to  lubricate  the  joints  of  the  track 
links  during  travel  because  dirt,  sand  and  dust  stick  to  the  oiled 
surfaces  and  are  ground  in,  although  tracks  oiled  during  the  tests 
increased  in  efficiency. 

The  track  joints  would  wear  out  more  rapidly  due  to  lubri¬ 
cation. 


With  regard  to  the  loss  increase  due  to  friction  in  the  track 
joints,  the  drive  sprocket  arrangement  --  whether  in  the  front  or  in 
the  rear  --is  important. 

The  number  of  joint  deflections  under  load  and  thus  the 
occurrence  of  friction  forces  are  less  when  the  drive  sprocket  is  in 
back  than  when  it  is  in  front  (Fig.  12). 

According  to  measurements  on  the  Aberdeen  proving  grounds 
(Fig.  10),  the  relationship  between  the  track  efficiency  and  tank 
traveling  speed  v  has  been  expressed  by  curves: 


r)  =  «  e 


l,rr 


ij  =  ar  + 


6.  Coefficients  of  Movement  Resistances 


It  has  already  been  mentioned  that  the  movement  resistance 
of  the  tank  acts  in  direct  ratio  to  the  adhesion  weight  of  the  tank. 
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In  determining  these  coefficients,  the  variables  are  also 
determined  on  which  this  resistance  against  movement  depends. 

For  this  reason  we  wish  to  take  a  closer  look  at  the 
power  loss  in  the  running  gear,  insofar  as  it  is  related  to  the 
travel  of  the  tank. 

The  power  loss  in  the  running  gear  is  made  up  of  the 
following  factors: 

a)  The  loss  of  power  caused  by  unwinding  of  the  track, 
which  depends  on  power  efficiency  transmitted  to  the 
track  and  is  practically  independent  of  the  weight  of  the 
vehicle; 

b)  The  loss  in  the  road  wheels  of  the  tank  hull  as  they  roll 
along  the  track,  which  is  dependent  on  the  weight  of  the 
tank; 

c)  The  loss  due  to  vertical  sinking  into  the  earth's  surface 
(forming  a  track  in  the  ground),  which  is  also  dependent 
on  weight. 

Since  the  loss  caused  by  unwinding  of  the  track  (point  a) 
is  to  be  regarded  as  the  mechanical  coefficient  of  the 
efficiency,  now  the  power  losses  must  be  studied  which 
are  presented  under  points  b)  and  c). 

The  loss  due  to  the  rolling  of  the  road  wheels  along  the 
track  at  otherwise  equal  preconditions  depends  on  the  road  wheel 
tires.  The  friction  coefficient  with  the  rolling  of  rubber  on  steel 
is  twice  as  great  as  the  friction  coefficient  when  steel  is  rolled  on 
steel. 


It  is  even  greater  when  rubber  is  rolled  on  rubber  (Pan- 
hard  -  Kegresse  -  Hinstin  tracks). 


According  to  the  theoretical  studies  of  Professor  B.  O. 
Betschitzki,  the  friction  coefficient  of  rolling  in  general  is  ex¬ 
pressed  by  the  following  formula: 


/  =  * 


JLi/ 1  .  i  Q’ 


r  is  the  radius  of  the  wheel,  is  the  spring  temper  of  the 

wheel,  H  is  the  level  of  power  consumption,  Eq  is  the  spring 
temper  of  the  support,  Q1  is  the  load  of  the  wheel,  b  is  the 
width  of  the  rubber  tire,  k  is  the  invariable  coefficient. 
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Consequently,  from  the  standpoint  of  reducing  rolling 
resistance  of  the  road  wheel  on  the  track,  it  is  more  practical 
to  use  a  steel  rim  than  a  rubber  tire.  In  the  case  of  a  rubber 
tire,  however.,  the  rolling  phenomena  occurs  more  sparingly, 
because  during  tank  travel  any  bumps  or  jolts  which  occur  are 
damped  and  travel  noise  is  decreased. 

In  addition,  road  wheel  resistance  is  influenced  by  its 
diameter. 


From  the  literature  concerning  rolling  of  a  wheel  we 
know  that  the  resistance  against  the  rolling  motion  of  the  wheel 
is  less,  the  larger  the  wheel  (the  road  wheel). 

From  this  point  of  view  it  is  more  practical  to  use  wheels 
of  larger  diameter  in  a  tank  running  gear. 

Nevertheless  it  must  be  considered  that  when  installing 
road  wheels  of  larger  diameter,  the  resistance  against  rolling 
decreases  somewhat;  at  the  same  time,  however,  the  mobility  of 
the  tank  on  terrain  is  reduced,  because  the  specific  pressure  on 
the  earth's  surface  is  increased  and  thus  the  power  loss  due  to 
sinking  into  the  ground  because  the  number  of  contact  points  with 
the  earth's  surface  is  smaller  (Figs.  13a  and  13b). 

Road  wheels  of  large  diameter,  but  in  double  rows,  have 
been  installed  in  the  newest  German  tracked  towing  vehicles  (see 
Fig.  13c). 

Without  regard  to  these  designs,  the  named  kinds  of  power 
losses  caused  by  vertical  sinking  into  the  ground  stand  in  direct 
relationship  to  the  specific  pressure  q  and  the  characteristics  of 
the  roadway. 

Without  regard  to  the  rolling  friction,  gliding  friction 
occurs  between  the  road  wheels  and  the  track  teeth. 

In  addition,  reference  should  be  made  to  the  friction  on  the 
track  bolts,  likewise  friction  on  the  road  wheel  axles  (to  be  sure, 
this  friction  is  very  slight,  because  the  wheels  run  on  bearings,  the 
friction  coefficient  of  which  is  approximately  0.01). 

In  addition,  the  friction  on  the  locations  of  running  gear 
suspension  and  the  friction  on  the  springs  is  to  be  taken  into  account. 


Since  the  types  of  losses  which  have  no  relation  to  the 
weight  of  the  tank  but  are  only  stipulated  by  the  transmitted  power 
efficiency  are  regarded  by  us  as  coefficients  of  the  tank  net  ef¬ 
ficiency,  it  is  natural  to  presume  that  the  movement  resistance  of 
the  tank  is  determined  by  the  power  loss  of  the  running  gear  and 
the  loss  caused  by  the  direct^countereffect  of  the  earth's  surface. 


■\ - 

Track 


Figure  13.  Influence  of  the  Road  Wheel  Diameter  on  the  Mobility 

of  the  Tank 

1.  Leading  edge  (track  guide)  2.  Track 

In  other  words,  we  assume  that  the  other  resistances  which 
oppose  the  forward  movement  of  the  tank  appear  as  an  exterior  force 
on  the  earth's  surface. 

If  we  are  to  go  by  data  in  the  literature,  there  are  test 
stands  in  German  industry  (Fig.  14)  with  which  the  efficiency  is  de¬ 
termined  with  various  running  gear  designs  at  certain  speeds  and 
tank  weights. 
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1  -  Test  Stand;  2  -  Track  to  be  tested;  3  -  Electromotor;  4  -  Cur¬ 
rent  Generator;  5  -  Transfer  Gear;  6  -  Rotating  Output  Recorder 
(Dynamograph)  7  -  Tractive  Effort  Recorder  to  the  Torque  Gauge 
(Torsiograph);  8  -  Recording  Equipment  for  the  resistance  of  the 
Road  Wheel  Slide;  9  -  Load  of  the  Slide. 
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Figure  15.  Determining  the  Coefficient  f  with  the  Towing  Method 


Size  of  the  Coefficient  /  for 

Table  4. 

Wheels  and  Track  Susp 

'ension  Systems 

Type  of  Ground 

Tractor  with 

Tractor  with 

wheels 

tracks 

Hard  ground  with  grassy 

overgrowth  . 

• 

0.  02  -  0.  03 

— 

Arable  soil  . 

• 

0.  06 

— 

Soft  sandy  soil  .  . . 

• 

0.  12 

0.  10 

Dry  sandy  soil . 

• 

0. 07  -  0.  08 

0.  07 

Loose  sandy  soil  . 

• 

0.  30  -  0.  40 

0.  10  -  0.  15 

Firm  sandy  soil . .* .  . 

• 

0.  08 

— 

Dry  grass  on  firm  soil . 

• 

0.  10 

0.  065 

Stubble  field,  harvested  with 

a  mowing  machine  . 

• 

0.  09 

— 

Meadow,  mowed  with  a 

mowing  machine . 

• 

0.  10 

0.  08 

Dry  meadow . 

• 

0.  13  -  0.  14 

— 

Autumnal  arable  soil  (frozen) 

• 

0.  15 

— 

Freshly  plowed  land . 

• 

0.  20  -  0.  30 

0.  10  -  0.  12 

Asphalt  street . 

« 

0.  015 

0.  03 

Paved  street  . 

• 

0.  040 

0.  06 

Country  road  . 

• 

0.  080 

0. 06  -  0.  07 

Swamp  . 

• 

0.  30 

0.  10 

Railroad  wheels  on  tracks  .  . 

• 

0.  004 

— 

Streetcar  wheels  on  tracks  .  . 

• 

0.  008 

— 

Icy  road . 

• 

0. 02  -  0.  023 

0. 03  -  0.  04 

Deep  mud . 

# 

• 

0.  20 

0.  10  -  0.  15 

Examining  the  experimentally-determined  coefficients,  it  is 
possible  to  make  a  choice  between  the  various  track  and  suspension 
systems. 


The  towing  method  to  determine  the  resistance  coefficient 
for  tanks  is  used  a  great  deal. 

With  this  method,  a  single  tank  (Fig.  15)  (with  the  engine 
shut  off  and  the  steering  clutches  disconnected)  is  towed  over  the  test 
distance  with  an  output  recorder  (dynamograph)  2. 

At  a  given  movement  of  the  tank,  the  recording  instrument 
indicates  the  resistance  coefficient  of  the  tank  independent  of  the 
weight. 
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It  is  to  be  taken  into  account  that  the  coefficient  deter¬ 
mined  in  this  manner  indicates  only  the  power  loss  in  the  idling 
track,  together  with  the  loss  caused  by  sinking  into  the  ground 
at  low  speed. 

Table  4  contains  the  values  of  the  resistance  coefficient 
which  were  determined  with  the  described  method. 

For  the  purpose  of  determining  the  nature  of  the  adhesion 
coefficient  q>  we  now  wish  to  consider  the  effect  of  the  track  on 
the  earth's  surface. 

During  travel  the  tank  presses  the  surface  plates  or  grips 
of  its  track  into  the  earth's  surface  and  forms  a  "line  of  teeth 
marks"  (Fig.  16).  It  moves  forward  on  the  gear  tooth  system  in 
this  manner. 

In  the  process,  the  track  lug  tends  to  crush,  cut  and  send 
the  dirt  flying  (Fig.  17). 

In  addition,  friction  has  its  effect  between  the  surface  of 
the  track  link  and  the  earth's  surface. 

As  the  horizontally  directed  forces  increase,  so  does  the 
compressive  load  on  the  ground,  until  the  line  of  teeth  marks  is 
destroyed. 


Towing  Vehicle 


Vickers  Tank 


Figure  16.  Base  Plates 
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If  the  track  link  were  smooth  and  had  no  grips,  then  the 
adhesion  on  the  earth's  surface  would  be  stipulated  by  the  force 
of  friction  when  the  track  began  to  slide  along  the  earth's  surface 
and  the  adhesion  or  adherence  coefficient  would  have  to  be  equated 
with  slip. 


Figure  17. 

The  maximum  tractive  effort  is  achieved  when  the  track 
glides  for  a  short  distance  on  the  ground,  without  really  adhering, 
whereby  the  percentage  of  this  slippage  is  dependent  on  the  nature 
of  the  ground;  the  track  design  also  plays  a  certain  role. 

In  its  forward  movement  the  tank  cannot  completely  utilize 
the  tractive  effort  by  ground  traction.  For  this  reason,  we  distin¬ 
guish  the  maximum  coefficient  of  ground  traction  y  from  the  co¬ 
efficient  j  presently  laid  claim  to,  the  relative  value  of  tractive 
effort  on  the  ground  to  the  adhesion  weight  of  the  tank: 

P 

7i  Q 

From  this  it  follows  that  the  static  friction  coefficient  is 
equal  to  the  travel  resistance  coefficient  fQ. 

It  can  be  determined  which  maximum  possible  value  the 
coefficient  of  ground  traction  can  attain.  It  is  known  that  a  tank  in 
uniform  travel  on  particularly  firm  ground  can  overcome  inclina¬ 
tions  up  to  45°.  Consequently,  the  tractive  effort  developed  on  the 
ground  can  be  expressed  in  the  following  formula: 

1C  cos  «  +  G  sin  «  «=  P, 

while  on  the  other  hand  the  propulsive  force  equals  ground  traction. 
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<p  G  cos  a.  *=  /  G  cos  »  4-  G  sin  «. 


Consequently, 


?  =  /- f  »g* 


(42) 


or  when  CX  =  45%: 


*  =  «+/• 


This  means  that  the  maximum  traction  coefficient  some¬ 
times  attains  a  value  larger  than  1. 

In  the  design  of  a  tank,  usually  the  angle  of  inclination 
CKmax  is  given.  Proceeding  from  this  angle,  the  calculation  of 
the  power  plant  is  conducted. 

Since  a  smooth  chain  has  sufficient  traction  only  on  some 
sufficiently  firm  types  of  ground,  when  the  track  is  designed  an 
attempt  is  made  to  impart  to  it  good  ground  traction  by  means  of  a 
tooth  construction.  Of  course  this  must  not  happen  at  the  cost  of 
its  use  on  firm  ground  at  high  speeds. 

Grips  must  not  be  mounted  too  closely  together  in  a  row, 
because  otherwise  shearing  resistance  of  the  holes  left  in  the  ground 
is  exceeded. 

When  the  grip  is  lengthened  up  to  a  certain  height,  ground 
traction  is  increased  and  thus  the  traction  coefficient  as  well;  but 
at  the  same  time  this  makes  travel  more  difficult  on  roads  at  high 
speeds. 


In  order  to  obtain  a  true  value  of  the  maximum  adhesion 
coefficient,  two  methods  may  be  used: 

1.  The  tank  is  towed  with  its  brakes  firmly  applied. 

2.  The  tank  to  be  tested  tows  a  trailer  connected  with  an  out¬ 
put  recorder. 

The  first-named  method  corresponds  with  the  method  for 
determining  the  travel  resistance  coefficient. 

The  dynamometer  is  read  with  the  brakes  firmly  applied 
until  the  tracks  are  blocked. 

The  maximum  value  indicated  on  the  recording  instrument, 
after  dividing  by  the  adhesion  weight  of  the  tank,  indicates  the  value 
of  the  coefficient  <)P  . 
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Figure  18.  Graphical  Illustration  of  the  Coefficients  Cf)  and  f . 

a.  Wet  mud  b.  above,  slightly  dried  mud  c.  Lower  down, 
wet  mud  d.  Wet  mud  on  the  surface 


A.  Initial  Thrust 

It  cannot  be  asserted  that  this  method  is  particularly  exact 
because  the  preconditions  for  the  activity  of  the  earth  grips  which 
push  dirt  in  front  of  them  differ  considerably  than  when  under  normal 
forward  movement. 

When  determining  the  maximum  value  of  the  adhesion  co¬ 
efficient  according  to  the  second  method,  the  tank  takes  over  the  role 
of  a  towing  vehicle  and  the  dynamometer  takes  over  the  role  of  a 
towed  load. 

The  tank  being  tested  starts  up  and  pulls  the  dynamometer 
along  behind  it. 

The  dynamometer  (dynamogr aph)  is  turned  on  under  uni¬ 
form  forward  movement  and  the  load  on  the  towing  hook  is  increased 
until  the  track  slips  on  the  earth's  surface  without  achieving  forward 
motion. 

The  maximum  value  of  tractive  output  determined  on  the 
towing  hook  is  taken  as  a  basis  of  the  calculation. 


The  adhesion  coefficient  is  determined  according  to  the 
following  formula: 

~  P m.Ti  “?>G=/C+ 

according  to  the  formula 

/  (43) 

Here  Pk  is  the  value  indicated  by  the  tractive  effort  recorder 
and  f  is  the  coefficient  of  travel  resistance.  This  coefficient  is 
determined  according  to  the  above-mentioned  method. 

The  values  of  the  maximum  adhesion  coefficient  for  the  various 
ground  types  are  compiled  in  Table  5,  and  in  Fig.  18  we  find  the 
graphic  illustrations  of  engineer  P.  P.  Lebendenko  based  on  tests 
conducted  with  the  "Communard"  towing  vehicle  on  wet  sandy  loarVi 
soil. 

Table  5. 


Adhesion  Coefficient  tp  for  a  Towing  Vehicle  with  Tracks  and  Wheels 


Ground  Type 

Wheeled 

Tracked 

Paved  street  . 

Dry  and  compacted 

0.  6-0.  7 

0.6-0.  8 

country  road . 

0.6-0. 7 

0.  6 

(without  skids) 

0.  8-0. 9 
(with  skids) 

Soft  sandy  road . 

0.  3-0.  5 

0.  6-0.  7 

Deep  mud . 

0.  2-0.  5 

0.5-0. 6 

Loose  sand  . 

Dry  grassy  ground  with  firm 

0.  1-0.  3 

0. 45-0. 55 

substratum  . 

0.  9-1.0 

1.0-1.  1 

Mowed  meadow . 

0.  65 

0.  7-0.  9 

Freshly  plowed  field . 

Firmly  compacted 

0.  5-0.  5 

0.6-0. 7 

(rolled)  snow . 

0.  5 

00 

o 

1 

o 

Icy  road  . 

0.  1 

0.2-0. 4 

and  less 

(without  grips) 

0.  5 

(with  grips) 

Compacted  highway . 

0.7 

(without  grips) 

1.2 

(with  grips) 

Virgin  soil  (unplowed  land)  .... 

“  “ 

0. 1-0. 3 
(without  grips) 

Swamp  . 

Until  moisture  has  been 
pressed  out 
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7.  Gliding,  Slipping  and  "Grinding"  of  the  Tank 

It  has  already  been  mentioned  that  in  tank  travel  there  is  a 
stress  exerted  in  the  horizontal  direction  in  addition  to  the  ver¬ 
tical  pressing  down  of  the  earth's  surface.  For  this  reason, 
bulges  and  depressions  (cellules)  appear  in  the  ground  which  are 
somewhat  longer  than  the  grips  are  wide  (Fig.  19). 

This  phenomenon  is  designated  as  "slip"  and  "is  measured 
according  to  the  loss  of  speed". 

This  so-called  "slip"  identifies  the  adhesion  properties  of  the 
track  in  the  various  earth  types.  Consequently,  by  "slip"  we  mean 
the  course  of  the  track  surface  on  the  ground  pushed  back  by  de¬ 
formation  and  pressure  on  the  ground  caused  by  the  track  grips 
opposite  the  direction  of  travel. 


Figure  19.  Enlarged  Grip  Indentation  due  to  Slip 

In  "slip"  the  distance  covered  by  the  tank  is  smaller  than  the 
distance  covered  by  the  track  in  its  relative  movement. 

In  the  case  of  tracked  vehicles,  the  amount  of  "slip"  can  be  de¬ 
termined  as  follows. 

We  are  assuming  a  distance  s  covered  by  the  tooth  construc¬ 
tion  of  the  drive  sprocket  moving  "without  slip"  during  which  time 
it  has  revolved  n  times.  In  other  words 

s  =  z  1  n 

n  is  the  total  number  of  revolutions  of  the  drive  sprocket,  z  is 
the  number  of  track  links  which  roll  over  the  gear  wheel  in  one  revo¬ 
lution,  1  is  the  length  of  the  track  link. 

Now  we  load  the  tank  on  the  towing  hook.  The  total  resistance 
against  forward  movement  of  the  tank  increases  and  becomes  greater 
than  in  the  former  case.  For  this  reason  a  greater  tractive  effort 
on  the  earth's  surface  is  required. 

The  track  begins  to  "slip"  because  the  earth's  surface  must  be 
compressed  for  the  purpose  of  absorbing  increased  tractive  effort. 
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Consequently,  the  drive  sprocket  on  the  tank  will  no  longer 
perform  n  revolutions  over  the  same  distance,  but  rather  nj, 
thus  more  than  n. 


The  theoretical  length  of  the  distance  (sj)  is 

i- 

In  other  words  the  absolute  value  A  of  "slip"  can  be  ex¬ 
pressed  by  an  equation  having  the  following  form: 

A  ,  =  *  =  ?!(»,—  »)• 

The  portion  of  "slip"  £  on  the  track  movement  is 


A  t  _  t  I  (>tt  —  n) 

»,  ~  *  f  *1 


(44) 


Sometimes  the  value  (1  —  £  )  is  also  designated  as  the  glide 
coefficient: 


«C»1-C  (45) 

The  power  efficiency  which  is  expended  uselessly  by  slip,  takes 
the  following  form: 


7V{  =  /M,C  (46) 

=  efficiency  of  the  track,  £  =  glide  or  slip  coefficient,  Nz  = 
the  power  given  off  by  the  drive  sprockets. 

It  can  readily  be  imagined  that  the  glide  coefficient  can  be  in¬ 
creased  up  to  1  with  a  gradual  increase  of  load  on  the  towing  hook; 
this  means  that  the  tank  will  not  move  from  the  spot  despite  the 
turning  of  its  tracks. 

Engine  power  can  be  sufficient  for  movement  in  this  case  as 
well. 


With  this  track  design,  the  nature  of  the  ground  offers  us  no 
possibility  of  transmitting  the  required  power  to  the  earth's  surface. 
The  ground  will  yield  and  be  torn  up;  consequently  any  forward 
movement  will  prove  to  be  impossible. 
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8. 


Specific  Pressure 


The  value  of  the  named  ground  pressure  which  is  calculated  on 
1  cm^  of  the  contact  surface  between  the  track  and  the  earth's  sur¬ 
face,  stands  in  direct  relationship  to  travel  resistance. 

The  deformation  of  the  earth's  surface  and  thus  also  travel 
resistance  are  greater,  the  larger  the  specific  pressure. 

In  addition,  specific  pressure  exerts  a  considerable  influence 
on  the  mobility  of  the  tank  on  land. 

In  this  regard  it  is  possible  to  distinguish  between  different 
types  of  specific  pressure: 

a)  the  static  kind  --  when  the  tank  is  stopped, 

b)  the  dynamic  kind  --  when  the  tank  is  moving. 

In  addition,  it  is  possible  to  distinguish  between  mean  and 
actual  specific  pressure. 


Actual  load 


Figure  20.  Specific  Pressure  on  Solid  Ground 


Specific  average  load  {qQ)  designates  that  load  exerted  on  a 
unit  of  supporting  surface  of  the  tank  under  the  assumption  that 
the  weight  of  the  support  surface  of  the  tank  is  equally  distributed. 


Figure  21.  Specific  Pressure  on  Soft  Ground 

£ 

It  is:  to-  -p  lig/rm1  (47) 

Here  G  is  the  weight  of  the  tank  and  F  is  the  supporting  surface. 

The  specific  pressure  on  the  length  of  the  track  can  be  graph¬ 
ically  represented  in  the  form  of  a  rectangle  (Fig.  20). 

The  average  specific  pressure  changes  in  measure  as  the 
track  sinks  into  the  earth,  since  when  it  is  sinking  in  the  length  of 
the  supporting  surface  increases  (Fig.  21). 

The  specific  pressure  given  in  the  instruction  manuals  is  al¬ 
ways  the  average  specific  pressure. 

Usually  this  pressure  is  given  at  "zero"  (i.  e.  when  the  tank  is 
standing  on  solid  ground,  for  example  on  asphalt)  and  when  sinking 
in  at  100  mm  -  q^QO* 

Table  6  gives  the  values  of  the  specific  average  pressure  with 
various  types  of  vehicles  and  suspension  systems  under  movement. 

It  is  to  be  noted  here  that  the  specific  average  pressure  has 
nothing  to  do  with  the  mobility  of  the  tank  on  terrain,  because  the 
load  is  really  transmitted  onto  individual  points  of  the  track. 

Since  the  track  is  not  really  a  rigid  single  unit,  the  load  is  ab¬ 
sorbed  only  at  individual  points  and  is  only  transmitted  back  to  the 
ground  by  those  links  supported  by  the  road  wheels.  Those  track 
links  not  subjected  to  load  transmit  no  vertical  load  onto  solid 
ground. 


Table  6 


Specific  Average  Pressure 


Type 

Specific 

Pressure 

Remarks 

Man  on  one  leg  . 

0.  56 

... 

Man  on  snow  shoes . 

0. 03-0. 036 

Length  of  snowshoe 

3  m;  supporting  load  90kg 

Horse  without  rider . 

1.  12 

On  3  legs 

Horse  with  rider . 

2 

On  3  legs 

Passenger  car  . 

1.26 

With  6  seats 

Truck . 

1.4-2 

Sunk  in  2  cm 

Patrol  Tank . 

2.  3 

5.6-6.  2 

2. 85-3. 15 

Front  wheels  twin  axle 

Rear  wheels  twin  axle 

Double  tires 

Rear  wheels  triaxial 

Towing  vehicle  (wheeled).  .  . 

4.  5-10 

Sunk  in  2  cm 

Tracked  towing  vehicle  .... 

0.  3-0.  5 

— 

Landgoing  vehicle . 

0. 03-0. 05 

— 

Tank . 

0.  2-0.  9 

— 

Light . 

0.2 

) 

Medium . 

0.4-0.  5 

) 

According  to  English  data 

Heavy  . 

0.6-0.  9 

) 

On  the  other  hand,  on  soft  ground  they  are  connected  with  the 
loaded  links  and  thus  transmit  a  certain  load  onto  the  ground.  But  it 
is  smaller  than  in  the  case  of  track  links  loaded  by  the  road  wheels 
(Figs.  22  and  23). 


Figure  22.  Actual  Specific  Load  on  Soft  Ground 
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Figure  23.  Actual  Specific  Load  on  Soft  Ground 


If  the  specific  average  pressure  is  determined  with  the  follow¬ 
ing  formula, 


(48) 


in  which  n  is  the  number  of  road  wheels,  1  is  the  length  of  a 
track  link  and  b  is  its  width,  then  the  values  of  the  average  pres¬ 
sure  will  approach  nearer  to  reality. 

This  formula  applies  only  when  the  specific  average  loads  are 
distributed  according  to  the  law  of  the  rectangle,  if  the  suspension 
is  designed  accordingly  and  is  in  neutral  position. 

In  the  case  of  another  center  of  gravity,  taking  into  account 
the  special  nature  of  the  suspension  during  travel,  the  actual  aver¬ 
age  pressure  is  expressed  in  another  way  because  the  loads  of  the 
road  wheels  deviate  from  each  other  (see  Section  IV  "Suspension 
of  the  Tank"). 

In  order  to  determine  the  mobility  of  the  tank  we  must  consider 
the  specific  maximum  pressure;  consequently,  it  seems  more  cor¬ 
rect  to  use  the  following  formula: 

(49) 


In  this  formula:  Qj  is  the  load  on  the  most  heavily  loaded  track 
link,  k  is  a  coefficient,  which  is  dependent  on  the  uneveness  of 
the  road  and  which  decreases  the  contact  surface  of  the  track  link 
with  the  earth's  surface,  1  is  the  length  of  the  track  link  and  b 
is  its  width. 
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If  the  track  is  equipped  with  projections  (grips)  and  travel 
is  on  hard  ground  so  that  the  track  link  does  not  actually  sink 
in,  the  supporting  surface  can  be  calculated  according  to  the 
following  formula: 

f=kinklb  (50) 

n  is  the  number  of  grips  which  come  into  contact  with  the  ground, 
ki  is  the  coefficient  of  reduction  of  each  grip,  1  is  the  length  of 
the  grip,  b  is  the  width  of  the  grip,  and  specific  pressure  in  this 
case  can  be  expressed  as 

Q1 

^max  :  T- 

The  coefficients  k  and  k^  must  be  determined  experiment¬ 
ally. 

9.  Determination  of  the  Minimum  Travel  Speed  of  a  Tank 

Section  4  gives  a  formula  (37)  to  determine  the  required  out¬ 
put  of  a  tank  engine  at  maximum  travel  speed  vmax. 

On  the  other  hand,  when  designing  a  tank,  a  maximum  angle 
of  inclination  «  max  is  required  when  the  tank  develops  the  full 
power  of  its  engine  and  travels  in  a  uniform  manner. 

The  required  tractive  effort  under  these  conditions 

max 

equals  travel  resistance 

P max  **  f  G  COS  tfmax  4  G  Sin  OCmax  **  G  C08  Qfmax» 


When  the  values  of  and  Pmax  are  determined,  the  required 
minimum  travel  speed  is  calculated  by  the  following  formula: 


vmi»  — 


270  rj 


/ 


The  information  given  here  and  in  the  preceding  sections  offer 
us  the  possibility  of  solving  the  main  problems  of  calculating  trac¬ 
tive  effort. 


a) 


According  to  the  given  technical  preconditions  for  the  con¬ 
struction  of  a  tank  it  is  possible  to  determine  the  required 
power  output  of  the  engine  and  the  minimum  travel  speed 


b)  The  maximum  speed  and  the  maximum  surmountable  slope 

can  be  calculated  for  the  finished  tank  (N^  and  vmjn  are  known). 

1.  Example 

The  following  is  given:  the  weight  of  the  tank  8800  kg,  slopes 
to  be  encountered  during  travel  at  maximum  speed,  up  to  4%;  the 
maximum  angle  of  inclination  40°,  the  maximum  travel  speed 

vmax  =  34  km/h- 

The  required  power  of  the  engine  Njj  and  the  minimum  travel 
speed  of  the  tank  vm^n  are  to  be  determined 

in  which  /  =  0,04,  *  =  0,04  find  ij  =  0,75 

-27.ro w  ;  N*~  aPProx-  115  HP 

_  270  r\  Nd 

VD\U\  —  0  » 

•  mux 

Puvxx  m  I  o  cos  *  -f  G  bin  of, 


in  which  /  =  0,0G,  cos  *=^0,70,  sin  *  -0,G4. 


270  0,75  115  270  0,75  115 


8800(0 


T)0.oT76  +  o,oT)  =  "880O-d>S0  ;  ^  “  aPProx-  3.  9  km/h 


2.  Example 

We  are  to  determine  the  maximum  speed  of  a  Vickers -Armstrong 
tank,  model  B,  year  1931,  on  a  highway  with  slopes  up  to  4%  as  well 
as  the  minimum  traveling  speed  of  this  tank. 

In  the  first  part  of  Heigl's  pocket  book  we  find  the  following  data 
on  this  tank. 

Engine  output  at  2000  rpm  80  HP,  maximum  climbing  ability 
pt,  max  =  45°,  weight  of  the  tank  8  t. 


270  rjffj 


in  which  /  *=  0,04  and  »'  ■=  0,04 


270  •  0,75  •  80 
8000  ■  0,08 


;  «Wx  *=  25,3  km/h. 


Z10t}Nd 


f»..  »•  (/  cos  a  +  sin  «)  0, 
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in  which  /  ■=  0,06,  coa  a  =  0,7  and  sin  *  =  0,7 


270  •  0,75  •  80 
8000  ■  0,75 


=  2,7  km/h. 


10.  The  Total  Coefficient  of  Travel  Resistance 

In  order  to  be  able  to  fully  evaluate  the  dynamic  properties 
of  the  tank,  it  is  necessary  to  use  the  "dynamic  identification". 


/ 


Figure  24.  Illustration  of  the  Formula  f  Q  =  f cps  <x  +  sin  & 


f=0.0b 

Figure  25.  Graphic  Solution  of  the  Problem;  fQ  and  fare  given, 

&  is  to  be  determined. 
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X  -X  3*  Jt  f  26  •»  -24  <2-20  •*  -n  -1C  -n  -JO  -tf 

•40  •SO  q* 


f*  1  W~»*« 

T../~rrW~T-'-o:> 


•  -!  0  :  4 


Figure  26.  The  Nomograph  for  the  Solution  of  the  Equation 
fo-  f  cos  Ot  +  sin  Or 

The  same  expression  can  be  represented  in  the  form  of  a 
nomograph.  Finally,  the  solution  can  proceed  analytically. 

Since  mostly  the  calculation  is  conducted  with  fQ,  the  ad¬ 
vantage  of  this  calculation  should  be  studied  here. 
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* •  Clip  utjc 

a  V*  ofc  :i  &  3 


We  will  presume  that  the  coefficients  fQ  and  /  are  known 
and  that  the  angle  of  inclination  &  is  to  be  determined. 

In  order  to  illustrate  this  more  clearly,  we  will  take  the 
numerical  values  0 •  8  and  f=  0.06  as  a  basis . 

The  first  method  is  the  graphic  one. 

We  shall  draw  a  right  angled  triangle  with  the  short  sides  1 
and  f  =0.  06  (Fig.  25).  We  shall  draw  an  arc  over  the  hypoteneuse 
of  this  triangle  as  the  diameter.  The  diameter  of  this  circle  is 

r  =  1/2  V"l  +  f2  • 

We  shall  bring  fQ  into  intersection  with  this  circle  from  the 
apex  of  the  right  angle.  The  angle  sought  between  f  and  fQ  is 

oc  =  49° 

The  second  method  is  the  analytical  one 

/o  =  /  cos  «l  +  sin  #. 

After  substituting  the  value  sin  ]Al  —  cos* *  we  obtain  a  quad¬ 

ratic  equation  according  to  the  solution  of  which  we  determine  the 
value  of  the  angle. 

The  third  method  is  based  on  the  nomograph  (Fig.  26). 

The  graphic  representation  presented  above  is  intended  to 
determine  the  angle  of  inclination,  the  one  below  is  intended  to 
determine  the  gradient  of  slope.  On  the  vertical  one  we  find  the 
value  f  -  0.  06,  on  the  horizontal  one  we  find  the  value  fQ  =  0.  8. 

From  its  point  of  intersection  we  follow  the  diagonal  line  to  the 
upper  horizontal  line  and  in  this  way  find  the  value  of  <X  =  50°. 

Although  the  solution  according  to  this  method  was  found  accur¬ 
ate  and  rather  rapid,  it  must  be  admitted  that  the  first  named  method 
(the  graphical  one)  is  more  favorable,  because  it  affords  us  the 
opportunity  of  checking  the  correctness  of  our  solution  for  adhesion 
conditions . 

We  already  know  that  the  preconditions  for  travel  without  "slip" 
are  to  be  seen  in  the  consideration  of  the  following  inequality: 

9»  cos  «t  > /„  =  /  cos  «  +  sin  «, 
or 

9  <  f  +  tg  #. 
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Consequently,  in  case  we  plot  Section  AD  =  (Fig.  27a)  from 
point  A  (Fig.  27)  in  the  direction  f  -  AC,  Section  CD  =  tg  ^max 
and  angle  DB'C  =  amax  represents  the  maximum  adhesion  value. 

In  case  Of,  is  smaller  than  ^max  or  if  Section  AF  is  smaller 
than  AD,  the  tank  can  take  the  slope;  if  Section  AB  is  larger 
than  AD  (Fig.  27b),  the  tank  will  slip  or  slide. 

The  total  coefficient  f  can  be  given  on  the  tracks  on  the 

o  6 

basis  of  the  available  tractive  effort  Pj.  This  tractive  effort  is 
calculated  according  to  the  output  of  the  engine  and  according  to 
traveling  speed: 


„  270  q  Nj 

Hj  “  - - - 


In  this  case  it  is  usually  designated  as  the  "dynamic  factor" 
and  expressed  by  the  letter  D. 


a  b 


Figure  27.  Graphic  Solution  of  the  Relationship  between 

f,  fQ,  and  <p  . 


In  this  manner,  if  the  total  coefficients  of  traveling  resistance 
for  the  engine  D  and  for  the  resistance  fQ  as  well  as  the  adhesion 
coefficient  <p  are  known,  it  is  possible  to  calculate  the  type  of  tank 
movement  as  well  as  its  climbing  ability. 
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11.  Speed  Range  and  Selection  of  Intermediate  Speeds. 

The,  ratio  between  the  maximum  and  minimum  speed  of  a  tank 
is  designated  as  the  tank's  speed  range. 

v 

,  max 

d  =  -v - : - 

min 

We  now  wish  to  determine  the  theoretical  value  of  the  tank 
speed  range. 

Traveling  resistance  can  be  determined  by  the  following 
formula: 

^  =  l  +  (51) 

In  this  formula  A  =  fQ G  is  the  coefficient  and  is  limited  by 
the  variable  preconditions  for  forward  movement. 

The  air  resistance  coefficient  B  =  kF  is  determined  accord¬ 
ing  to  the  tank  dimensions. 

We  will  presume  that  after  giving  extensive  consideration  to 
the  preconditions  for  tank  travel  it  was  established  that  the  total 
coefficient  of  resistance  fQ  changes  within  the  following  limits. 


/</„£/»• 

Then  when  traveling  at  fn  (the  most  difficult  preconditions 
for  travel  Cfmax)  traveling  resistance  is 

•^n  =  f  rfi 

(we  will  neglect  air  resistance  because  it  is  so  slight). 

Correspondingly,  in  case  travel  occurs  on  the  lowest  limit  fQ 
(travel  at  maximum  speed  --  vmax): 

Ri  =  h  G  +  k  F  vmtx- 

The  corresponding  efficiencies  of  resistance  are: 

R'i  *=*  ft,  G  vmi  n* 

Nj  es  fi  G  tynax  k  F 

Nn  and  Nj  must  be  equal  because  under  travel  they  correspond 
with  the  full  power  efficiency  of  the  engine;  this  means  that 

/,g«W+  kFvM„  =  t 

1h  G  t>m|n 
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from  which  it  is  clear  that  at  traveling  speeds  below  50  km/h 

—  fn 
•min  / 1 

If  we  assume  that  at  minimum  speed  at  C*  =45 
/„  =  /  cos  A  -|-  sin  a  =  0,1  •  0,7  f-  0,7  =  0,77, 
and  at  maximum  speed 

/,=/+♦  =  0,00  +  0,02  =  0,08 

on  the  highway,  we  finally  obtain  the  tank  speed  range 

=  aPProx-  10 

•'min  0,Oo 

Thus  the  maximum  speed  of  a  tank  is  approx.  10  time  greater 
than  its  minimum  speed. 

In  reality,  however,  such  speed  ranges  occur  very  seldom. 

On  the  average,  the  numerical  values  of  d  fluctuate  within 
the  following  limits: 


Passenger  car  3-4 

Truck  5-7 

Commercial  towing  vehicle  2.7-3 
Tank  6-10 


Now  we  wish  to  determine  the  tractive  effort  preconditions  for 
the  operation  of  a  tank  engine. 

As  has  already  been  stated,  the  traveling  resistance  of  a  tank 
can  be  expressed  at  certain  preconditions: 

«o  —  A.  C  -f  K  Fv> 

and  the  resistance  output  Nr  as  follows 

Nit  -  In  0  v  K  F  v’. 

Taking  into  consideration  the  circumstances  that  the  traveling 
speed  of  the  tank  stands  in  relation  to  the  rotational  velocity  rate  n 
(if  there  is  no  slip)  in  the  following  ratio: 


we  obtain  the  expression  for  the  resistance  output  (considering  air 
resistance)  in  the  following  equation: 

*f*  =  ta<!w^n+KF(wr)H'  <52> 
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This  output  must  correspond  to  engine  power  as  well 


When  travel  resistance  increases,  carburetor  position  re¬ 
maining  the  same,  the  rotational  speed  of  the  drive  sprocket 
begins  to  decline  (if  iQ  does  not  change)  and  thus  the  engine 
rotational  velocity  declines  as  well. 


As  is  clear  from  the  engine  characteristic  lines  (Fig.  28) 
an  increase  of  engine  torque  occurs  in  addition  to  a  decline  of 
engine  rotational  velocity  in  the  intermediate  range  from  nQ  to 

nl  • 


If  with  changed  preconditions  for  the  travel  of  a  tank,  the 
new  engine  rotational  velocity  n^  lies  in  the  intermediate  range 
from  nQ  to  n^,  then  the  phenomena  of  automatic  regulation 
takes  over,  and  the  new  engine  rotational  velocity  will  be  the 
compensating  rotational  velocity. 

However,  in  case  no  automatic  regulation  occurs  for  the 
trip  with  a  change  of  the  preconditions  (because  travel  resistance 
is  too  great)  and  the  rotational  velocity  n^  is  smaller  than  nj, 
then  the  engine  will  stop  if  no  successful  attempt  is  made  to  bring 
the  engine  back  up  to  a  constant  rotational  velocity  using  artificial 
means . 

This  type  of  engine  balancing  to  a  steady  rotational  velocity 
when  travel  resistance  changes  is  achieved  with  the  gear  shift  by 
changing  the  ratio  between  the  engine  and  the  drive  sprockets. 


Figure  28.  Limits  of  Engine  Automatic  Regulation 
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In  this  regard  the  question  arises  which  method  should  be 
followed  in  selecting  the  gear  ratio,  i.  e.  in  other  words  how  the 
intermediate  range  of  speeds  should  be  classified  in  the  individual 
ranges  so  as  to  achieve  in  this  manner  the  so-called  transmission 
gradation. 

12.  Arrangement  of  the  Slippage  Transmission  according  to  the 
Rules  of  the  Geometric  and  Arithmetical  Series. 

In  addition  to  the  usual  requirements  placed  on  the  slippage 
transmission  of  a  tank,  another  desirable  feature  is  an  acceler¬ 
ation  up  to  the  required  speed  in  the  shortest  possible  time  T, 
and  over  the  shortest  possible  distance. 

Since  this  time  span  T  usually  does  not  occur,  during  accel¬ 
eration  of  the  engine  the  maximum  possible  power  output  will  not 
be  generated. 

There  is  the  following  equation  for  the  accelerated  travel  of 
a  tank 

from  which  we  obtain  the  following  results: 

7  6  m 

7=T7F  <*>-«*>• 

assuming  that  P  and  R  are  constant  values. 

It  is  evident  from  this  equation  that  the  greatest  possible  trac¬ 
tive  effort  must  be  achieved,  i.  e.  the  greatest  possible  output  must 
be  available  for  the  acceleration  of  the  engine  in  order  to  keep  time 
span  T  as  short  as  possible. 

We  will  assume  that  the  tank  has  achieved  its  maximum  speed, 
for  example  V3  with  the  appropriate  ratio  (Fig.  29). 


Figure  29.  Graphic  Illustration  of  a  Transmission  Gradation 
according  to  a  geometrical  Series. 
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Thus  the  engine  reaches  its  maximum  rotational  velocity  of 


n 


max 


which  should  not  be  exceeded,  taking  into  account  the 


working  life  of  the  engine  (because  otherwise  the  engine  will 
undergo  too  much  wear,  or  else  the  crankshaft  and  the  connecting 
rod  bearings  will  incur  damage). 


In  this  way  the  maximum,  at  nmax  the  highest  possible  engine 
power  is  achieved. 

We  will  assume  that  we  must  generate  a  very  high  traveling 
speed  for  the  preconditions  of  the  trip. 

After  the  gears  are  shifted,  the  rotational  velocity  of  the 
drive  shaft  will  become  smaller  by  almost  the  amount  of  the  trans¬ 
formation  ratio,  than  the  rotational  speed  of  the  engine.  We  will 
assume  that  the  angular  velocity  of  the  crankshaft  is  to  when 
the  clutch  is  engaged  and  the  angular  velocity  of  the  drive  shaft  is 
W  a>  where  W  m  is  larger  than  h>  . 


Then  when  the  main  clutch  is  engaged  and  when  the  angular 
velocity  of  the  drive  shaft  and  of  the  output  shaft  is  equalized,  the 
angular  velocity  of  the  crankshaft  will  be  reduced  to  a  certain 
speed  of 

»1  (*/<  «m) 


while  the  speed  of  the  driven  shaft  will  be  increased  to 


Ml  («>l  >  M.l) 


After  the  angular  velocities  have  been  equalized  they  are  in¬ 
creased  again  until  the  propulsion  moment  equals  resistance 
moment. 

In  order  that  acceleration  to  nmax  occurs  in  the  same  time 
span  in  all  gears  it  is  necessary  that  the  rotational  speed  of  the 
engine  nj,  at  which  acceleration  begins,  be  the  same  in  all  gears. 
That  means  that  the  ratio  of  each  of  the  aforementioned  speeds  is 
at  a  constant  value  in  relation  to  the  next  speed,  i.  e. 


»i 

nmtx 


const. 


This  ratio  shows  us  that  the  speed  values  are  grouped  in 
geometric  progression. 
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When  the  ratio  between  the  minimum  speed  and  maximum 
speed  is  known,  i.e.  the  so-called  speed  range 


then  this  can  be  determined  as  follows  for  the  purpose  of  determin¬ 
ing  the  number  of  intermediate  speeds: 


Consequently, 


and  thus 


On  1 

On—  I  2 


»  — I 


1 


n —  1 

«=  yx  (53) 

in  which  each  of  the  speeds  is  ascertained  according  to  the  formulas 

o,  *  =  v,  *»  =  •  •  •  =  rn,_  J  <X  =  D,  a"  -  1 

It  is  difficult  to  present  the  rule  here  without  deviations,  be¬ 
cause  it  is  not  possible  to  precisely  select  the  number  of  teeth  on 
the  gear  wheels. 

Figure  30  gives  a  clear  illustration  of  the  phenomena  which 
occur  in  geometrical  progression  when  shifting  a  transmission. 

The  forward  motion  begins  in  the  first  gear.  After  full  speed 
has  been  reached  in  this  gear  (Point  4),  we  shift  to  the  next  gear 
(Point  (X).  In  this  way  the  rotational  velocity  of  the  engine  reaches 
n^  (according  to  gradation  2). 

Then  by  applying  the  gas,  acceleration  is  achieved  in  the  2nd 
gear  until  full  speed  has  been  reached  V£>  whereupon  we  shift  to 
the  third  gear,  until  we  have  reached  a  speed  of  v^. 

The  relationship  between  the  engine  rotational  velocity  and  the 
gradually  increasing  tank  travel  speed  is  expressed  by  a  straight 
line.  It  goes  through  the  origin  of  the  coordinates  with  the  slope  R; 

v  *  lr  n, 

where 


i0  is  the  ratio  of  force  transmission  in  the  appropriate  gear. 
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Taking  into  account  the  graphic  illustration  of  velocity  grad¬ 
ation  in  geometric  progression  it  can  be  determined  that  the 
maximum  speed  ranges  deviate  sharply  from  each  other,  while 
the  lower  speeds  lie  close  together. 


Figure  30.  Graphic  Illustration  of  Shifting  Levels  with  Geometric 

Gradation  of  the  Gears 


For  this  reason,  in  case  we  travel  at  greater  speed,  a  tran¬ 
sition  must  be  made  to  a  lower  speed  at  a  relatively  smaller  in¬ 
crease  of  resistances,  in  which  the  average  speed  is  generally 
reduced.  ’ 

For  this  reason  transmission  gradation  in  geometric  progres¬ 
sion  can  only  be  recommended  for  the  tank  which  operates  with  a 
large  power  reserve. 

If  the  line  of  smallest  shifting  engine  speed  tilts  slightly  to  the 
right  (by  the  angle  Of  ),  then  as  Fig.  31  shows,  the  space  between 
the  high  speeds  will  become  somewhat  smaller  which  causes  aver¬ 
age  speed  to  increase. 

To  be  sure,  the  shifting  rotational  speeds  will  be  different 
(Points  1,  2  and  4).  Consequently  the  difficulties  when  shifting 
will  be  different  as  will  the  demand  for  engine  power. 

On  the  other  hand,  if  the  known  line  tilts  to  the  left,  then  the 
intervals  between  the  speeds  will  be  even  greater. 
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‘*v» 


Figure  31.  Change  of  Shift  Gradation  with  the  Slope  of  the 

Rotational  Speed  Line 


We  achieved  a  greater  mutual  approach  of  the  speeds  by  using 
the  arithmetical  progression.  Our  task  was  to  make  the  differences 
between  the  two  adjacent  gears  to  a  constant  value.  Then 

rm  —  i  =vn  —  i  *,„_2==  =  v,— p,  =  v, — v,  «=« 

If  all  equations  are  compiled  such  as 

*M —  *n  -  1  +  1  «„  + - V,  -M, —  V, -f  Vj V,  s=  V„l>,  =  (o I  )  ^ 

we  obtain 


(54) 


The  value  &  is  designated  as  origin  of  the  progression. 

The  maximum  speed  of  a  tank  is  vmax  =  34  km/h,  the  mini¬ 
mum  speed  vmin  is  3.4  km/h. 

Our  intention  is  to  install  a  five -speed  transmission  in  arith¬ 
metical  progression  into  the  tank.  Now  the  numerical  value  of  the 
intermediate  speeds  is  to  be  determined. 


ar  a 


;  or « 


34—3.4-  30.6 

— —  =  —  - 7-65 


»4  s  34 km/ll :  v*  =  2G.35  km/h ;  u3  n  1&,7  km/h  ;  v,  =  11.05  km/h; 
w,  =  3,4  km/h. 


Figure  32  gives  a  graphic  illustration  of  the  gear  shift  levels 
in  arithmetical  progression. 

Studying  the  graphic  illustration  it  can  be  seen  that  the  high 
ratios  lie  close  to  each  other  and  that  the  engine  rotational  speeds 
at  which  shifting  is  necessary  are  greater  at  higher  gears  than  at 
the  lower  ones;  this  means  that  acceleration  occurs  more  rapidly 
at  the  high  ratios. 


rpm 


Figure  32.  Graphic  Illustration  of  the  Ratios  Gradated  in 

Arithmetical  Progression 

In  this  regard  the  gradation  in  arithmetical  progression  is 
much  more  advantageous. 

However,  acceleration  occurs  more  slowly  at  the  lower  ratios 
and  in  addition,  the  engine  may  stall  as  a  result  of  the  decline  of 
rotational  speed  when  shifting  is  made  to  a  lower  gear. 
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In  selecting  the  gear  ratios  we  assume  that  the  shifting  will 
be  performed  rapidly  enough  that  the  traveling  speed  does  not 
decline  rapidly. 

To  be  sure,  tank  traveling  speed  does  decline  during  shifting 
and  acceleration  begins  not  at  the  full  speed  of  the  previously 
shifted  gear,  but  at  another,  lower  speed. 


Figure  33.  Graphic  Illustration  of  Gear  Shifts  considering  the 
Decline  of  Travel  Speeds  when  shifting  to  the  next 

gear. 


In  other  words,  after  shifting  from  v^  to  v^  +  j  ,  vj  +  j  is 

smaller  than  v^  at  acceleration  because  of  the  effect  of  traveling 
resistance  R  and  of  air  resistance  Ry  during  shifting,  at  which 
time  tractive  effort  is  lost. 

For  this  reason,  according  to  the  information  quoted  earlier 

»■  +  1 

In  other  words  the  graphic  illustration  of  speeds  has  the 
appearance  shown  on  Fig.  33. 

If  the  graphic  illustration  is  studied  closer  it  is  clear  that 
when  traveling  speed  is  reduced  during  shifting  instead  of  a  series 
of  speeds  in  geometric  progression,  a  series  of  speeds  is  achieved 
at  which  the  lower  speeds  are  located  closer  together. 
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Such  a  method  can  be  of  real  interest  when  making  calcula¬ 
tions  for  a  tank  which  is  to  be  used  in  the  mountains. 

Whoever  is  interested  should  refer  to  the  study  of  the  military 
academy  for  motorizing  and  mechanization  (WAMM)  written  by  its 
dean,  A.  S.  Anatow,  entitled  "The  Calculation  of  Tractive  Effort" 
(Moscow  1936). 

But  it  must  be  remembered  that  it  is  difficult  to  set  up  such 
a  calculation  because  velocity  decline  will  not  be  uniform  in  the 
different  gears. 

The  following  equations  apply  for  the  shifting  process  in  the 
time  span  during  which  the  engine  is  disengaged. 


2  V  d  0  =  R  d 

I  2 

6  m  J  vd  v  =  R  J  d  s. 

r»  *, 


In  which:  <5  is  the  coefficient  allowed  by  the  rotating  mass,  v  is 
the  initial  speed,  R  is  the  sum  of  the  resistances  which  have  an 
effect  during  the  shifting  period,  s  is  the  distance  covered  during 
shifting. 

This  means  that  the  decline  of  speed  v  =  v^  —  v£  stipulated 
by  the  distance  covered 

As  —  s, — sl 

and  by  resistance 

R=f„G  +  kFv> 

Both  influences  will  be  different  when  shifting  gears  to  differ¬ 
ent  speeds. 

We  usually  calculate  that  the  shifting  procedure  takes  about  3  s. 

But  this  number  is  given  for  a  vehicle;  if  it  is  to  be  applied  to 
a  tank,  it  must  be  checked. 

The  distance  in  which  shifting  must  be  carried  out  is,  accord¬ 
ing  to  the  data  of  English  Automobile  periodicals,  approximately 
the  total  length  of  the  vehicle  and  cannot  be  applied  in  the  case  of 
tanks . 
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The  matter  of  the  determination  of  the  gear  ratio  in  the  shift  . 
gear  stands  in  close  relationship  to  this  information. 


From  the  formula  for  the  speed  of  the  tank 


it  is  to  be  concluded  that 


tin  A 

=  |G,7 v  ~  T 

in  which  iQ  is  the  transformation  ratio  from  the  engine  up  to  and 
including  the  drive  sprockets. 

Consequently,  the  following  applies  for  the  selection  ratios  of 
the  tank. 


On  the  other  hand  the  total  conversion  ratio  of  force  trans¬ 
mission  of  the  tank  from  the  engine  to  the  drive  sprockets  usually 
consists  of  several  ratios,  which  include  the  variable  ratio  in  the 
gear  shift  i^,  the  invariable  main  drive  in  (usually  a  bevel  gear 
pair)  and  the  final  drive  i^. 

In  other  words  *0  =  »i 

Consequently  the  conversion  ratio  in  the  gear  shift  is  calcu¬ 
lated  according  to  the  formula 

.  _  n 

"  =  ffi  o7„  ~  (55) 


Figure  34.  The  Number  of  Gears  in  the  Gear  Shift 
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The  influence  of  the  numerical  value  of  the  constant  gear  ratio 
on  the  quality  of  a  motorized  vehicle  has  been  thoroughly  studied 
already. 


It  must  only  be  remembered  that  the  total  gear  ratio  of  4-5 
must  be  higher  for  tanks.  For  this  reason  we  install  a  final  drive 
between  the  bevel  gear  pair  and  the  drive  sprocket. 


In  conclusion,  something  should  be  said  concerning  the  number 
of  stages  in  the  gear  shift. 


From  the  engine  characteristic  lines  it  is  clear  (Fig.  34)  that 
the  narrower  the  boundaries  within  which  the  rotational  velocity 
changes,  the  closer  the  engine  approaches  its  maximum  power. 
The  fuel  consumption  q  per  HP  declines  the  shorter  the  time 
span  of  acceleration. 


On  the  other  hand  it  becomes  much  more  difficult  to  increase 
the  number  of  gears  in  the  gear  shift. 

Usually  tank  gear  shifts  do  not  have  more  than  4-5  gears. 

13.  Determination  of  the  Time  Span  t  and  of  the  Acceleration 
Course  when  Shifting  into  Higher  Gears  and  when  Braking. 

+  (a) 

in  which <5tn  is  the  assumed  mass  of  the  tank,  v  is  the  traveling 
speed  of  the  tank,  P  is  the  sum  of  the  forces  which  effect  the 

tank,  d  s  is  a  road  element. 


The  sign  of  the  sum  of  forces  is  stipulated  by  its  direction. 

When  traveling  with  the  engine  disengaged,  the  sum  of  the 
forces  £  P  will  be  exerted  opposite  the  direction  of  travel  (Fig. 
35a),  i.e.  it  will  have  a  minus  sign  and  be  expressed  in  the  formula 


]£  P-l'C  +  kF* 


(56) 


When  traveling  with  the  brakes  applied,  braking  force  Rr 
(see  Fig.  35b)  is  added  to  the  right  side  of  the  equation. 


£  /•=  i0G+kFv-+  Rv 


(57) 


Finally, 
with  running, 


the  following  equation  is  valid  in  accelerated  travel 
engaged  engine: 


?d  —  /•  G  —  k  F t? 


(58) 
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Figure 


35.  Various 


Cases  of  For 


Here  the  coefficients  A  and  B  are  selected  according  to  the 
formulas  (56)  and  (57)  and  (58) 

A=foG; 

A  —  /o  0  4-  ft  y; 

A  me  — /0G  and 

B-kF. 

After  integration  we  will  obtain  the  following  formula: 

*  =  ±  2~g  l  n  ^  "t  B  v!)  ±  C. 

After  determining  the  constants  from  the  integration  range 
t  =  0  and  v  =  vQ,  we  will  obtain  the  following  formula: 

,  M  ,  A  +  B&  ,  „  „  4 

(59) 


A  +  B»-  _  ±  •< ' 
A  +  B  v~C 


which  results  in  the  final  speed 


y  (A+  B*)C  M  -A 


If  v  and  vQ  are  known,  the  path  of  movement  s  can  be  de¬ 
termined  in  this  manner. 

If  this  theorem  of  momentum  is  used,  the  time  of  acceleration 
and  of  braking  can  be  determined 

Afdv  =  ±(/4  +  Bti,)dt 


and  the  following: 


A+  Btf  ' 

<=±kWarc‘tguKI+c- 


C  is  determined  from  the  boundary  conditions  v  =  vD  and  t=0 


r  -  M  .  1/0 

c-+ynarcisvV-A 


1 = jj(art  tg  vYi T  arc  tg  w° 
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If  the  force  of  resistance  is  disregarded,  we  obtain  the  follow¬ 
ing  equations  (assuming  that  B  =  0) 


and  further 


■J*  (j  f  ^  —  i?  d  v  j 

A 


M  d  i>  =  +  A  d  I 
M 

l«  +  —  iv- 


(62) 

(62a) 

(62b) 


In  deriving  the  expressions  for  s,  v  and  t,  we  have  assumed 
that  A  was  a  constant  size;  that  is  not  exactly  true. 

As  already  mentioned,  the  resistance  against  movement  is 
evidently  stipulated  by  speed.  The  precise  designation  is  unknown. 
For  this  reason  we  will  assume  that  R  is  a  constant  number  at 
the  given  preconditions,  this  number  having  no  relationship  with 
speed. 


Figure  36.  Engine  Characteristic  Calculating  According  to  the 

Simplified  Formula 
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For  the  case  where  the  tank  travels  with  running,  engaged 
engine,  we  are  assuming  in  calculating  according  to  the  formulas 
(62)  that  tractive  effort  is  constant,  i.e.  we  are  calculating  that 
torque  is  constant.  In  other  words,  we  are  assuming  that  engine 
power  Ne  changes  with  rotational  velocity  according  to  the  law 
of  the  straight  line  (Fig.  36). 

As  is  clear  from  the  graphic  illustration,  with  this  type  of 
calculation  the  power  efficiency  within  the  shaded  area  is  not 
taken  into  account. 

This  remark  concerning  the  constant  size  of  tractive  effort 
relates  to  the  case  of  the  self-regulating  engine  (Fig.  37). 


n,  H 


Figure  37.  Self-regulating  Engine 


The  ratio  of  at  maximum  rotational  velocity  to  torque  on 

the  lower  limit  of  the  gear  shift  fluctuates  between  0.  5  and  1. 5. 

Engines  with  rotational  velocity  limits  are  frequently  utilized 
in  tanks . 

The  straight -lined  part  of  the  curve  N  =  f(n)  is  utilized. 
is  straight  and  parallel  to  the  abscissa  and  then  jogs  sharply  down¬ 
ward  (Fig.  38). 


Figure  38.  Characteristic  Line  with  the  Engine  Throttled 


65. 


Of  course  it  is  easier  and  faster  to  calculate  acceleration 
according  to  formulas  (62)  than  to  use  the  one  generally  applied 
in  vehicle  construction. 


For  this  reason,  if  the  characteristic  of  the  engine  seems  to 
allow  it,  this  formula  should  always  be  used. 

The  shortcoming  of  the  described  method,  however,  lies  in 
the  fact  that  it  is  not  suitable  for  general  usage.  A  much  more 
generally  usable  method  is  the  one  suggested  by  E.  A.  Tschudakov; 
to  determine  the  path  and  time  span  of  acceleration  we  use  the 
dynamic  characteristic  D  =  f  (</>). 


Since  the  force  of  air  resistance  can  be  neglected  in  the  case 
of  tanks,  its  dynamic  factor  can  be  expressed  in  the  following 
formula: 


D  = 


Pd 

G 


whereby  is  the  tractive  effort  of  the  engine. 


Since  the  tractive  effort  in  regard  to  the  engine  for  travel  is 
either  equal  to  the  tangential  counter  effect  of  the  ground  or  is 
larger  than  it  (TV  (.fccta  ts.n *)  C  f9G)  a  comparison  of  the  dyn 
amic  factor  with  the  so-called  summary  coefficient  of  travel 
resistance  fQ,  enables  us  to  assign  a  value  of 


for  the  amount  of  tractive  effort  reserve. 

This  tractive  effort  reserve  can  be  utilized  to  overcome  in¬ 
creased  resistance  at.  acceleration. 
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Since  the  maximum  value  of  tractive  effort  is  the  adhesion 
tractive  effort  P  p  =  <?G,  the  part  of  the  dynamic  characteristic 
which  lies  above  the  straight  line  <p  is  not  usable. 

The  accelerations  of  the  tank  can  be  determined  utilizing  the 
dynamic  characteristic: 

*-'*-*>-*• 

According  to  this  formula  we  can  graphically  illustrate  the 
tank  acceleration  b  +  (v)  (see  Fig.  40). 

The  acceleration  time  can  be  determined  on  this  basis 


according  to  which 


■  . 

-  k 


Figure  41.  1  =  f(V) 


Figure  40.  b  =  f(v) 


minimuMiiiiH 


Figure  42.  i  *  f(v ) 


Figure  43.  f(t) 


Since  this  integral  cannot  be  solved  analytically,  because 
this  kind  of  analytical  relationship  between  1  b  and  v  is  unknown, 
this  integral  must  be  solved  graphically  by  planimetering  the  indi¬ 
vidual  surfaces  of  the  graphic  illustration  1  b  =  f(v)  (Fig.  41) 
and  plotting  the  results  on  the  graphic  illustration  t  =  f  {v)  (Fig. 
42). 

According  to  this  graphic  illustration  we  can  finally  deter¬ 
mine  the  path  of  acceleration 

«  =  J  vdt 

by  integrating,  (see  Fig.  43). 

14.  General  Conclusions 

The  following  can  be  determined  as  the  result  of  information 
presented  in  Section  I  concerning  the  procedure  for  calculating 
tractive  effort: 

1.  The  required  power  output  of  the  engine  is  determined 

according  to  the  given  maximum  speed,  according  to  the  height 
differences  of  the  terrain  and  the  nature  of  the  ground. 

2.  The  required  minimum  velocity  vm^n  is  determined  accord¬ 
ing  to  the  preconditions  for  ground  adhesion  and  the  maximum  angle 
of  inclination  «max, 

3.  The  determined  speed  range  vmax/vmin  is  graduated  in 
arithmetical  progression.  Only  when  a  large  power  reserve  is 
available  to  the  engine  should  the  geometric  progression  be 
utilized. 

Cases  may  occur  in  which  a  part  of  the  speed  follows  the 
selected  graduation  while  another  part  drops  out  of  the  graduation 
because  it  has  proven  necessary  to  achieve  certain  speeds,  for 
example  the  speed  at  which  one  wishes  to  travel  with  the  artillery 
or  the  infantry  column. 

4.  On  this  basis  the  gear  ratios  were  determined  from  which  we 
can  derive  the  basic  design  dimensions  and  ascertain  the  dynamic 
properties  of  the  tank. 
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5.  Using  simplified  formulas  we  determined  the  paths  and  the 
time  span  for  acceleration  of  the  tank  as  well  as  the  angle  of 
inclination  which  may  be  surmounted  in  different  gears. 

After  the  basic  values  of  the  engine  have  been  determined, 
everything  is  checked  according  to  the  method  of  the  dynamic 
factor. 

6.  All  other  problems  were  solved:  the  average  speed  when 
passing,  the  weight  of  the  trailers  which  can  be  towed  under 
various  preconditions. 
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Section  II. 


STABILITY 

1.  Basic  Concepts  and  Definition  of  the  Concepts 

In  the  calculation  of  tractive  effort  it  was  shown  that  in  order 
to  achieve  a  normal  manner  of  travel  (without  slip  and  without  the 
engine  dying  out),  the  following  condition  must  prevail: 

>  A,  ond  P<  >  R. 

The  tank  may  fail  to  move  forward  if  the  tracks  "grind"  in 
position  or  if  the  engine  stalls.  It  can  also  occur,  however,  when 
the  tank  loses  its  equilibrium  and  tips  over. 

This  section  deals  with  the  calculation  of  stability  of  tanks  at 
various  positions  of  travel  and  also  gives  the  method  according  to 
which  a  tank  can  be  evaluated  from  the  standpoint  of  stability. 

Using  the  relationships  derived  in  this  section,  we  can  evaluate 
the  efficiency  of  the  tank  when  surmounting  artificial  and  natural 
obstacles  (ditches,  low  walls,  slopes  and  inclinations),  since  sta¬ 
bility  is  a  precondition  for  this.  The  load  on  the  individual  parts 
of  the  track  and  suspension  for  various  traveling  conditions  is  de¬ 
termined. 

By  stability  we  mean  the  ability  of  a  stopping  or  moving  tank 
to  maintain  or  to  retain  its  original  position  as  soon  as  the  exterior 
forces,  which  have  caused  it  to  lose  its  original  position,  cease  to 
exert  their  effect. 

Of  all  the  types  of  stable  positions  of  the  tank,  only  a  few  can 
be  taken  into  account  as  necessary  for  continuing  travel. 

Thus  the  evaluation  of  stability  will  depend  on  how  long  the  tank 
remains  in  the  position  being  considered. 

Tip  position  is  understood  to  be  the  position  of  the  tank  (the 
angle  of  rotation  of  the  tank  to  the  axis  of  tilt  being  considered)  at 
which,  even  when  the  effect  of  the  tipping  exterior  forces  has 
ceased,  continues  its  turn  (return)  back  to  the  previous  direction 
and  thus  cannot  return  to  its  original  position. 

In  order  to  illustrate  clearly  the  concept  of  axis  of  tilt,  we 
disregard  the  movement  of  the  tank  in  a  line  parallel  to  the  road, 
since  this  movement  exerts  no  influence  on  stability. 


In  addition,  we  neglect  the  vibrations,  insofar  as  we  do  not 
use  differential  equations  in  this  regard. 

Therefore,  the  axis  of  tip  is  also  the  axis  of  instantaneous 
rotation  of  the  actual  movement. 

This  observation  is  necessary  because  in  a  turn  the  tank  can 
exhibit  several  successive  axes  of  rotation  due  to  its  suspension 
design.  Consequently  it  is  possible  that  the  axis  of  rotation  is 
located  at  several  positions  of  the  tank. 


Figure  1.  Forces  Which  May  be  Exerted  on  the  Tank  During  Travel. 


Before  we  proceed  to  a  further  explanation  of  the  concepts  and 
expressions,  we  wish  to  come  to  a  better  understanding  of  Fig.  1, 
which  shows  a  schematic  drawing  of  a  tank,  the  track  and  suspen¬ 
sion  of  which  forms  a  unit  with  the  hull. 

The  following  forces  are  exerted  on  the  tank:  tractive  effort  P, 
the  force  of  resistance  against  vibrations  R,  the  force  of  inertia  J 
and  the  normal  countereffect  of  the  ground  Q. 

The  other  designations  A,  B,  D  and  E  are  the  axes  of  tip  which 
are  to  be  considered. 

C  is  the  metacenter  (intersection  point  of  the  resultant  force 
of  the  earth's  surface)  on  the  surface  of  the  drawing,  CQ  is  the 
initial  position  of  the  metacenter,  O  is  the  center  of  gravity,  a 
and  b  are  the  distances  between  the  plumb  lines  through  O  and  the 
possible  axes  of  tilt  and  x  is  the  shift  of  the  center  of  pressure. 

The  amount  of  shift  N  of  the  metacenter  from  its  original  po¬ 
sition  will  be  considered  as  a  measure  of  stability  which  corresponds 
to  the  position  of  the  tank  in  the  horizontal  plane  in  rest  position. 
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As  long  as  the  metacenter  lies  between  the  axes  of  tilt  A 
and  B  being  considered,  the  tank  is  stable.  However,  as  soon 
as  the  center  of  pressure  coincides  with  the  most  outer  axis, 
the  tank  begins  to  lose  its  equilibrium  and  begins  to  tip. 

If  we  wish  to  determine  the  stability  of  a  tank,  this  means 
finding  the  position  of  the  metacenter.  Two  problems  may  arise 
in  determining  stability  in  this  manner: 

1.  From  the  given  forces  and  moments  which  exert  an  influence 
on  the  forces,  the  position  of  the  metacenter  must  be  determined. 

2.  According  to  the  known  metacenter,  the  factors  (forces,  angle 
of  terrain,  accelerations,  etc.  )  must  be  determined  which  exert 
an  influence  on  its  position. 

We  now  wish  to  introduce  the  concept  of  original  stability. 

The  tank  has  an  original  stability  if  O  lies  vertically  above 

C0- 

The  original  stability  does  not  necessarily  have  to  be  the 
maximum  stability. 

For  example  it  is  possible  that  the  shift  of  the  metacenter  in¬ 
creases  and  not  decreases  the  original  stability  of  the  tank,  if  the 
center  of  gravity  is  shifted  from  the  geometrical  center  point  of 
the  support  surface  to  one  side  or  the  other. 

We  will  cite  examples  to  illustrate  the  concept  of  "original 
stability". 

Figure  2  illustrates  a  tank  in  rest  position  on  a  horizontal 
plane. 


Figure  2.  Tank  in  Rest  Position. 

Here  the  results  of  all  forces  --  the  force  of  weight  G  will  co¬ 
incide  with  the  normal  lines  to  the  plane  of  travel. 
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The  tank  exhibits  its  original  position  of  equilibrium. 

On  Fig.  3  the  resultants  of  the  weight  G,  of  the  resistance 
on  the  towing  hook  and  the  force  of  inertia  J  intersects 

with  the  plane  of  travel,  i.e.  vertical  below  O,  at  point  C0. 

The  shift  of  the  center  point  of  pressure  x  equals  zero, 
the  tank  is  in  its  original  position  of  equilibrium. 

It  is  necessary  to  distinguish  between  the  static  and  the  dyn¬ 
amic  stability  of  a  tank. 

By  static  stability  we  mean  the  ability  of  the  tank  to  retain 
the  prescribed  position  when  exterior  forces  and  moments  are 
exerted  on  it,  the  strength  of  which  increase  up  to  a  certain  limit 
without  causing  accelerations  and  then  become  constant  again. 

In  this  case  the  shift  of  the  instantaneous  center  or  the  ability 
of  the  tank  to  maintain  its  prescribed  position  has  nothing  to  do 
with  the  amount  of  moments  and  forces. 

By  dynamic  stability  we  mean  the  ability  of  the  tank  to  re¬ 
sume  its  original  position  when  the  exterior  factors  (forces), 
which  attain  an  arbitrary,  final  value  when  they  are  exerted, 
cease. 


Figure  3.  The  Shift  of  the  Pressure  Center  Point  is  Zero. 

In  this  case  the  tank  will  turn  in  the  direction  desired  without 
being  influenced  by  whether  or  not  the  exterior  forces  have  ceased 
to  exert  their  influence.  Consequently,  without  regard  to  the  di¬ 
rect  effect  of  the  exterior  forces,  the  inertia  will  be  a  function  of 
movement,  which  the  exterior  forces  have  exerted  during  their 
period  of  effect. 
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2.  Influence  of  the  Design  of  Track  and  Suspension  on  the  Inertia 
of  the  Tank 

In  order  to  obtain  an  idea  of  the  influence  of  track  and  sus¬ 
pension  design  on  the  stability  of  a  tank,  we  now  wish  to  take  up 
the  consideration  of  tanks  which  have  the  same  chassis  and  road 
wheels,  but  different  types  of  roller  bearings,  i.e.  a  rigid  (Fig.  1), 
an  individually  sprung  (Fig.  4a)  and  a  bogie  wheel  suspension 
frame  (Fig.  4b). 

In  the  case  of  a  tank  with  a  rigid  suspension,  the  axes  being 
considered  for  tipping  will  be  axes  A  and  B  (Fig.  1).  That 
means  that  the  instantaneous  center  in  this  case  will  move  within 
the  limits  of  section  AB,  without  putting  the  tank  in  danger  of 
tipping. 

Thus  in  order  to  put  the  tank  in  danger  of  tipping,  the  result¬ 
ants  of  all  forces  and  moments  being  exerted  on  the  tank  must 
proceed  in  such  a  way  that  they  do  not  intersect  with  section  AB. 

We  will  observe  almost  the  same  thing  when  the  tank  is  equip¬ 
ped  with  individual  road  wheel  springs  (Fig.  4a). 

The  difference  is  due  to  the  fact  that  because  of  the  sprung 
support  of  the  last  road  wheel  (when  the  tank  tips  at  axis  A  or  B,  ) 
distance  BD  or  AE  will  not  be  equal  to  the  corresponding  dis¬ 
tances  as  when  rigid  support  prevails. 

As  a  result,  the  inertia  in  the  case  of  individual  springs  of 
the  road  wheels  when  tipping  at  axis  E  or  D  will  be  somewhat 
smaller  than  with  the  rigid  concept. 

We  will  observe  a  considerable  difference  of  the  distance  be¬ 
tween  the  axes  of  tilt  being  considered  in  the  first  interval  of  time 
in  the  case  of  bogie  wheel  suspension  frames  (Fig.  4b). 

If  the  road  wheel  rocker  arm  is  short,  we  can  regard  axes  A 
and  B  as  axes  of  rotation. 

Section  AB  of  the  swing  arm  type  is  considerably  smaller 
than  the  corresponding  section  in  the  case  of  the  tank  with  spring 
or  rigid  suspension. 

But  this  fact  cannot  be  the  sufficient  basis  for  a  conclusion  as 
to  the  degree  of  inertia  of  this  or  any  other  tank. 
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Figure  4.  Individual  Springs  and  Rocker  Arm  Springs 

Disregarding  the  narrowing  of  the  interval  between  axes 
A  and  B,  the  tank  with  swing  arm  suspension  is  often  much  more 
stable  than  both  the  first -named  tanks. 

Inertia  is  determined  by  the  angles  of  the  lines  going  from  the 
center  of  gravity  through  all  possible  axes  of  rotation  and  the  line 
perpendicular  to  the  plane  of  travel. 

As  Figure  5  shows,  when  the  center  of  gravity  is  low  (O2), 
the  swing  arm  suspension  gives  the  tank  much  more  stability  than 
both  the  other  aforementioned  types  of  suspension. 


Figure  5.  Angle  of  Stability  with  Individual  Springs  and  Swing  Ar 

Springs. 


m 
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The  greater  the  angle  Of  between  the  straight  lines  from 
the  center  of  gravity  through  the  point  of  wheel  support  and  the 
perpendicular  line,  the  greater  is  the  inertia  of  the  tank  (at  other¬ 
wise  equal  preconditions). 

We  wish  to  designate  this  angle  as  the  angle  of  tank  stability. 

3.  Determination  of  the  Inertia  of  a  Tank  on  a  Plane  in  General 
We  assume  that  we  are  dealing  with  a  rigid  roller  bearing. 

The  exterior  forces  and  moments  being  exerted  are  as  follows: 
G  =  the  weight  of  the  tank, 

G  sin  Of  =  the  components  of  tank  weight  parallel  to  the  road¬ 
way, 

G  cos  Of  -  the  components  of  tank  weight  vertical  to  the  road¬ 
way, 

R  =  the  resistance  against  slip  of  the  tank  as  a  result  of  the 
deformation  of  the  ground  under  the  influence  of  adhesion 
weight, 

Rk  =  the  force  of  resistance  on  the  towing  hook, 

Pj  =  tractive  power, 

Q  =  the  vertical  reaction  of  the  ground, 

Mj  =  the  total  moment  of  inertia  of  all  rotating  individual 
parts  whose  plane  of  rotation  coincides  with  the  longitudinal 
surface  of  the  tank. 


Mj  «  Ji  <p"  +Jt  <Pt"  +  '  *  '  fn'- 

J  is  the  polar  moment  of  inertia  of  the  rotating  individual 
parts  and  (f*  is  the  angle  of  acceleration. 

The  following  are  included  in  the  individual  rotation  parts  of 
the  tank  with  steering  clutches: 

1.  Two  drive  sprockets, 

2.  Idler  wheels , 

3.  n'  road  wheels, 

4.  n  track  supporting  rollers, 

5.  Two  large  gear  wheels  of  the  final  drive, 

6.  Two  small  gear  wheels  of  the  final  drive, 

7.  Two  steering  clutches, 

8.  The  main  driving  gear  wheel.  . 
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If  the  transformation  ratio  of  the  final  drive  is  designated  as 
ik  and  the  polar  moments  of  inertia  and  the  radius  of  all  named 
individual  parts  in  the  same  series  is  designated  as 

*^ii  J %t  ^1!  *  * 

we  obtain: 


^ -A 

d<\f,  r,  r,  r,  »6  r,*6  r8  tj 

in  which  dv/dt  is  the  linear  acceleration  of  the  tank. 

The  last  three  members  of  the  equation  have  been  selected 
with  minus  signs  because  the  direction  of  rotation  of  the  individual 
parts  is  different  from  all  the  others. 

Disregarding  the  forces  and  moments  which  are  exerted  on 
the  tank,  it  is  necessary  to  refer  to  the  geometric  differences 
which  influence  the  position  of  the  tank.  These  include: 

x  =  the  shift  of  the  instantaneous  center, 
oi  =  the  angle  of  inclination  of  the  road, 

y  =  the  angle  between  the  towing  hook  resistance  and  the  horizontal 
plane, 

h  =  the  point  at  which  gravity  and  the  force  of  inertia  are  exerted, 
hk  =  the  point  at  which  the  force  of  resistance  is  exerted  on  the 
towing  hook. 

With  the  given  preconditions,  we  can  solve  one  of  the  two  prob 
lems . 

1.  To  determine  the  stability  of  the  tank  at  the  given  precondi 
tions  (x  is  to  be  determined). 

2.  Determine  the  preconditions  for  tipping  the  tank. 

We  wish  to  take  up  the  solution  for  each  problem  individually. 

Before  we  solve  the  first  problem,  we  wish  to  establish  which 
values  are  known  and  which  are  to  be  calculated. 

Using  the  preconditions  for  the  stability  of  a  tank  as  a  point  of 
departure  we  can  write  down  the  three  equations  of  equilibrium  and 
determine  the  three  unknown  values  in  this  way. 

Obviously  the  two  unknown  values  can  be  X  and  Q,  while  the 
third  unknown  value  will  be  one  of  the  following: 

P,  J,  etc. 
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In  accordance  with  the  problem  at  hand,  the  values  to  be 
determined  may  be 

Q  and  J 

Then  the  values  being  considered  for  the  given  preconditions 
will  include  the  following: 


CX  =  the  angle  of  inclination 

*1  =  the  travel  coefficient  of  the  tank 

G  =  the  weight 

tg^  =  the  vertical  components  of  resistance  on  the  towing 
hook 

R^.  =  the  horizontal  components  of  resistance  on  the  towing  hook. 

5  =  the  coefficient  of  mass  increase 

/  =  the  coefficient  of  travel  resistance 

q  =  the  traction  coefficient 

P  =  tractive  effort 


We  will  assume  the  tractive  power  to  be  unknown  and  uniform 
at  each  conversion  without  considering  the  number  of  revolutions. 

The  required  equations  are: 

^  X  ss  +Csin<KH-/(?co5rf  — -  P  &  0  ( 1 ) 

From  this  equation  we  determine  the  value  of  J  and,  because 
dv/dt  is  known,  the  value  of  Mj. 

J  M  Ceos*— h  (Gs\nat+  J)  —  (a*  —  *)  Rt  tgy—  MjrsO.  (2) 

When  we  know  the  value  of  Mj  and  J,  then  we  can  calculate 
the  value  of  x. 

If  x  is  equal  to  or  smaller  than  a  ,  the  tank  is  stable;  but 
if  x  is  larger  than  a  ,  the  tank  begins  to  tip. 

We  should  refer  to  the  fact  that  from  the  physical  standpoint, 
x  will  never  be  greater  than  a  ,  because  the  metacenter  does 
not  lie  behind  the  axis  of  tip. 

In  order  that  the  given  preconditions  be  taken  into  account, 
care  must  be  taken  that  the  following  relation  is  maintained: 


p<7q 


(3a) 
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If  P  is  larger  than  tp  Q,  the  tank  will  either  slip  or  the 
track  will  grind. 

We  wish  to  determine  the  vertical  countereffect  of  the  ground 
Q  according  to  the  following  equation: 

2  Z  =  Ceos  <x+  Rt  tg  y  —  Q  =  0  (3) 


If  we  solve  the  second  problem,  i.e.  determine  the  moment 
of  tip,  then  this  means  that  we  have  found  an  answer  to  the  question 
at  what  angle  of  tilt  or  slope,  which  tractive  effort  on  the  hook, 
which  acceleration  when  starting  up  or  braking,  etc.;  we  obtain 
the  following  value 

I  B  « 

From  this  data  it  follows  that  of  all  the  unknown  values  which 
give  the  position,  no  more  than  three  variables  can  be  determined. 


Figure  6.  Forces  being  exerted  on  the  tank  with  rigid  roller  bear¬ 
ings  when  the  tank  is  traveling  in  a  non-uniform  manner. 

The  number  of  the  various  combinations  is  as  large  as  triple 
the  number  of  variations. 

Among  the  unknown  values  which  present  preconditions  for 
tipping,  at  which  x  =  a  ,  are: 

<  *.  P.  Q- 

Among  the  given  values  are: 

0:  Rf,;  f;  J ;  Mj:  or,  A;  »j;  y:  A*  »nd  L. 
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As  before  we  turn  to  three  equations: 

The  unknown  values  Or  and  P  are  contained  in  this  equation 

With  the  unknown  values:  Q  and  Of 

In  which  0(  is  unknown. 

If  we  solve  the  last-named  equation  in  reference  to  the  angle 
Of.  and  substitute  into  the  first  and  second  equation,  we  will  de¬ 
termine  the  value  of  P  and  Q,  i.e.  the  preconditions  under  which 
x  =  a. 

Care  must  be  taken  that  P  £  p<?. 

All  special  cases  can  be  solved  with  the  above  quoted  equations 
in  which  we  assume  a  series  of  values  with  zero. 

Since  it  is  simpler,  however,  to  write  down  individually  the 
equations  for  each  special  case,  we  will  not  take  up  a  general 
solution. 

4.  Durability  of  a  Tank  on  a  Slope  at  Uniform  Traveling  Speed 

When  the  tank  is  to  surmount  an  inclination  with  an  angle  of  Of 
(Fig.  7),  the  shift  of  the  tank  metacenter  is  determined  according 
to  the  following  equation: 


The  maximum  value  of  the  angle  of  inclination  at  which  the 
tank  maintains  its  equilibrium  is  determined  from  the  following 
inequality: 

*0111  —  ®rc  tg  — - . 

The  surmounting  of  an  inclination  with  an  angle  0<  requires 
more  precise  calculations  which  we  will  conduct  later  on. 

We  are  assuming  that  the  tank  has  been  subjected  to  a  short 
but  sharp  jolt  when  surmounting  an  inclination  with  an  angle  of  Of 
because  the  road  wheel  has  struck  an  uneven  place  and  thus  the 
tank  has  begun  to  tip.  We  now  wish  to  consider  the  possible  conse¬ 
quences  more  closely. 
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When  the  tank  turns  on  the  front  or  the  rear,  it  can  exhibit 
two  different  rotational  axes,  either  at  points  B  and  D  or  at 
points  A  and  E. 

It  is  also  possible  for  the  tank  to  get  into  the  following 
position:  when  it  begins  to  turn  on  axis  A,  it  stops  after  moving 
around  angle  y  because  the  turn  around  axis  E  causes  an  in¬ 
crease  of  the  tipping  moment  and  a  reduction  of  the  moment  of 
equilibrium. 

Consequently,  only  a  partial  decline  of  stability  occurs  with 
a  movement  around  axis  A.  On  the  other  hand,  the  tank  can  lose 
its  equilibrium  completely  when  moving  around  axis  E. 

If  the  angle  of  stabilization  in  comparison  to  axis  A  is  equal 
to  or  greater  than  the  angle  of  stabilization  at  axis  E  (after  moving 
around  angle  y  ),  then  the  tipping  movement  of  the  tank  in  the 
first  point  of  time  (axis  A)  will  already  have  begun  to  tip  com¬ 
pletely. 


Figure  7.  The  forces  being  exerted  on  the  tank  under  uniform 
traveling  speed. 

Here  we  wish  to  consider  a  case  in  which  the  angle  of  stabil¬ 
ization  is  smaller  at  axis  A  than  the  stabilization  angle  at  axis  E, 
that  means 

«a  <  °-b 

Two  different  positions  can  result  under  these  preconditions: 

1.  As  soon  as  the  tank  has  made  a  complete  turn  around  angle  <j 0 
up  to  angle  y  ,  it  stops  until  something  else  causes  it  to  move 
out  of  this  position. 
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2.  Due  to  the  law  of  inertia  the  tank  will  continue  its  turn  in  the 

previous  direction  until  weight  line  has  crossed  over  axis  of  . 

turn  E. 

As  is  clear  from  the  established  preconditions,  in  this  case 
we  will  study  the  dynamic  inertia  of  the  tank. 

In  order  to  be  able  to  determine  which  of  the  probable  cases 
will  occur  in  regard  to  the  tank  position,  the  following  method 
must  be  used: 

It  is  necessary  to  determine  the  difference  of  the  effect  of 
the  tipping  and  of  the  stabilizing  moment  when  the  tank  turns 
around  angle  y  at  axis  A. 

We  designate  the  distance  of  axis  A  from  the  center  of  gravity 
with  the  letter  £  and  write  down  the  formula  for  the  effect  of  both 
moments . 


Figure  8.  Turn  Around  Axis  A 
This  involves  (Fig.  8)  the  effect  of  the  tipping  moment 

7 

*Vkf>.  —  Wkf>  y  =*  J  j  co»  Yi)C  tin  ordy^  = 
o 

_  „  r  /»in  2  *  .  .  .  .  .  \ 

—  (it  I — - —  smy—  sm’<xcosy -f  sm* a] 
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and  the  effect  of  the  stabilizing  moment: 

v 

W«t.  —  M»t.  y  —  J  sin  (fif—  y,)C  cos  xdy,  = 
o 

~s  pQ  sin  y  +  cos’  *  cos  y  —  cos’  <*j  . 

The  difference  of  the  effects  is: 

/\  W*  w*p-  Wi r=fP(l- 

Consequently,  after  the  tank  has  turned  around  angle  y, 
according  to  the  law  of  inertia  it  will  continue  its  rotation  this 
time  already  around  axis  E  (Fig.  9). 


Figure  9.  Turn  Around  Axis  E 

In  order  that  the  vertical  line  of  the  center  of  gravity  does 
not  cross  over  axis  E,  it  is  necessary  that  the  difference  between 
effects  A  W  ^  of  the  stabilizing  and  tipping  moment  opposite  axis 
E  be  greater  than  A  W  when  the  tank  turns  at  axis  Q. 

To  calculate  the  following  formula  we  will  write  down 

A  Wx  =  **-,  „  — 

The  tank  angle  of  rotation  at  which  the  weight  line  passes  over 
axis  E  can  be  determined  according  to  the  following  equation: 

tf>Q  =  90° — a — at. 
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Angle  Oi  j  can  be  determined  from  the  following  formula: 

__  a  gin  y  -f  A  cosy  —  r 
~  I,  -f«co«y  — AsLny  ' 

If  we  designate  the  distance  £  between  axis  E  and  the  cen¬ 
ter  of  gravity,  and  the  momentary  value  of  the  angle  of  rotation 
opposite  axis  E  as  (p  2  (Fig.  9)  we  obtain: 

The  effect  of  the  stabilized  moment: 

J  g,  sin  (ft  -f  ipj  Cco3<xdfl  — 

„  /*in  2  or  .  ,  .  \ 

=  Pi  «  I — j —  Sin  —  ccs  “  eos  9*  +  00,1 «)  • 

The  effect  of  the  tipping  moment: 

«• 

W'li'p*  /  Pi  cos(ot  +  sin  = 

(i 

_  /sin  2 «  .  ...  .  ,  \ 

*  p,  G  ( — j —  ®ny>»  +  sm’ «  cos  9>0  —  <»  1 . 

The  difference  of  the  impulses: 

tv,-  Mq,,—  W,n».  =fC(l  —  tos9>0)  (6) 

Consequently  the  tank  will  not  tip  over  if  e,  (!  —  cos^)  >  Pl  (i  _  co*y), 
it  will  lose  its  stability,  however,  if 

On  the  basis  of  these  assertions  it  is  not  difficult  for  us  to 
arrive  at  the  following  conclusion:  the  deeper  this  axle  of  the  front 
or  rear  wheels  with  an  unchanged  mutual  distance  of  these  wheels, 
the  greater  will  be  the  inertia  of  the  tank. 

5.  Transverse  Stability 

The  migration  of  the  metacenter  is  determined  according  to 
the  following  equation  (Fig.  10): 

y  =  fctgj5  (7) 

The  tank  tips  whenever  the  metacenter  lies  outside  the  sup¬ 
port,  the  boundary  case  is: 

B 


B  i  „ 

y- r  DUX  • 


which  results  in 


pm*x  «=  tg  £-7 
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If  the  angle  of  inclination  is  j8  <C  arc  tg  B/2h,  the  tank  is 
stable,  but  if  P  >Anax-  the  tank  will  tip. 


Figure  10.  Tank  in  Sloping  Position 

In  order  that  the  tank  not  slip,  the  following  inequality  must 
prevail 


or 


G  sin  0<  /i  G  cos  P< 


M^tgP 


(8) 


in  which  is  the  friction  coefficient  of  lateral  slip. 

6.  Stability  of  a  Tank  on  a  Slope 

If  the  tank  is  traveling  on  a  plane  which  forms  angle  CX  to  the 
horizontal  plane,  the  weight  of  the  tank  may  be  divided  into  two 
components:  That  parallel  to  the  plane  of  movement  G  sin  &  and 
that  vertical  G  cos  CX  (see  Fig.  11a). 

The  first  component  may  or  may  not  coincide  with  the  longi¬ 
tudinal  axis  of  the  tank  (which  runs  through  the  center  of  gravity). 

If  it  does  not  coincide  (Fig.  lib),  the  weight  is  distributed 
on  three  coordinates:  On  the  one  vertical  to  the  plane  of  move¬ 
ment  G  cos  DC  ,  parallel  to  the  longitudinal  axis  of  the  tank  G  sin 
CX  cos  and  parallel  to  the  transverse  axis  (which  also  runs 
parallel  through  the  center  of  gravity  of  the  tank)  G  sin  <X  sin  y  . 
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V  is  the  angle  which  is  formed  by  the  longitudinal  axis  with  the 
line  of  the  strongest  travel  resistance  on  the  plane. 


Figure  11.  Tank  on  a  Slope 


The  last-named  position  of  the  inclined  plane  to  the  tank  is 
usually  designated  as  a  slope. 

As  we  see,  a  shift  of  the  pressure  center  point  in  two  di¬ 
rections  occurs  on  the  slope. 

Consequently  on  a  steep  slope,  which  the  tank  cannot  sur¬ 
mount  despite  traction  on  the  ground  and  engine  tractive  effort  and 
stability,  an  attempt  must  be  made  (usually  with  snow  shoes)  to 
surmount  this  inclination  in  such  a  way  that  the  tank  turns  down¬ 
ward  at  an  angle  y  . 

In  this  case  we  will  determine  the  shift  of  the  metacenter 
according  to  X  and  Y  from  the  equations: 


(9) 


and 


X—  h  tg  arcoSy 
y=  h  tg  a  Sin  y 


(10) 


If  we  square  both  equations,  we  will  obtain  the  following 
equation: 

=  9 *. 

The  maximum  value  of  angle  0<  is  found  when  we  introduce 
the  maximum  values  for  X  and  Y  into  the  equation:  X  £  at  Y  £  Bx 

(id 

The  angle  of  inclination  corresponds  to  the  angle  of  rotation 
around  which  the  tank  must  be  turned 

*  8 

V  =  arc  tg  — 

The  circumstance  must  also  be  considered  that  the  vertical 
countereffects  of  the  ground  will  effect  the  tracks  in  a  non-uniform 
manner  if  Iff  does  not  equal  zero,  i.e.  we  obtain 

Qi  —  ~2  (WS  a.  +  •  Sin  ec  sin  yj 

and 

rk  G  l  2  h  .  \ 

<?,  =  —  I  cos  «•—  -g-  sm  ocsin  yjl 

Accordingly  the  resistances  against  movement  of  each  track 
will  be  non-uniform,  consequently  the  tank  may  turn  involuntarily 
( unint  e  nti  ona  lly ) . 

As  we  recognize,  three  moments  are  exerted  on  a  tank  when 
traveling  on  a  slope;  two  of  them  are  tipping  moments 

=  h  C  sin  a.  sin  y 

and 

Mx**h  Csin  wcosip 

and  one  turning  moment,  the  last-named  moment  being  expressed 
in  two  different  forms:  Up  to  the  beginning  of  "slip"  of  the  track 
with  the  smallest  load  it  is  a  changing  moment 

and  from  the  beginning  of  "slip"  of  the  least  loaded  track  on,  since 
there  is  no  possibility  of  equalizing  the  turning  moment  by  the 
tractive  effort  of  the  track: 


ftf"  =  Y  [C  sin  wsiny  —  2<?i  Cy  —  /)! • 

In  this  formula  the  final  moment  is  already  considered  after 
the  equalization. 
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c 

"Slip"  will  occur  if  <pQt<fQ,+  -y  sin*  cos y 
or 

i  2>,  . 

fctgec—  -s-/siny  +  cosy 

- - TT. - • 

ctg  ~B  *m  V 

In  order  to  prevent  an  accidental  turning  of  the  tank  during 
travel  at  an  angle  Y  0,  the  track  with  the  least  load  must  be 
braked. 

So  that  all  data  might  be  applicable,  care  must  be  taken  as 
in  the  previous  cases  to  adhere  to  the  following  conditions: 

C  sin  at  cos  y  ^  C  cos  at  y, 

Csinotsiny  <.Gcosetfi, 

or  in  other  words: 

tg  ei  cos  y  5  pr 
tg  at  sin  y  <  ft. 

EXAMPLE: 

Given  are:  «=*l,5r*;  >  =  0.8;  n;  f=0,0S. 

To  be  determined  are:  ©<  max*  V  »  Mz>  as  well  as  Qj  and 
Q2  to  be  compared  (equalized)  are:  max  at  V'  =£  0  with  c*^nax 
at  Y  =  0. 

SOLUTION: 


From  this  results  arc  tg  2,25=  66".=  ow, 

2 .  At  y  =  0 ,  $  =  0 

tgof=-[V5r=y  =  i|  =  1.9;  are  tg  1.9  =62”= 

3.  tgy  =  ^  -  y  =4  0.7;  arctg0,7  =  35*  =  y. 

4 .  Qi  —  y  (cos  66*  +  iy  sin  66?  sin  35*  j  ss  04  G. 

5.  <?»=o 

6.  Af,,i.<G«nfi6**in85))  *  0.52  C 

& 
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7.  Pitching  Moment  of  the  Tank  When  Braking 


Determining  the  stability  of  a  tank  when  starting  up  (accel¬ 
erating)  is  completely  "useless"  because  an  actual  acceleration, 
no  matter  how  powerful  the  engine  might  be,  never  causes  the 
tank  to  tip. 


On  the  other  hand,  sudden  sharp  braking  at  a  certain  tank 
traveling  speed  and  at  a  (certain)  coefficient  of  ground  traction, 
can  cause  the  tank  to  tip. 


Figure  12.  Tipping  When  Braking 

We  now  wish  to  determine  the  tank  traveling  speed  before 
braking  and  the  coefficient  of  ground  traction  insofar  as  either 
may  cause  the  tank  to  tip  with  sudden  braking. 

The  tank  can  tip  over  at  axis  B  (see  Fig.  12)  when  the  force 
of  inertia  reaches 

This  results  in  the  following  coefficient  of  ground  traction 
which  can  cause  the  tank  to  tip: 

*~T' 

If  the  inertia  of  the  tank  when  turning  on  axis  B  is  designated 
by  the  angle  OC  and  when  turning  on  axis  D  is  designated  by  the 
angle  Oi  j,  then  if  &  ±  2>  & 
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If  the  experimentally  determined  value  of  the  coefficient 
is  smaller  than  the  one  determined  according  to  the  equations, 
then  before  the  tank  tips  it  will  begin  to  slip. 

In  the  course  of  completely  tipping  over  the  center  of  gravity 
would  increase  from  h  to  .  If  we  disregard  power  loss  on 
the  drive  sprocket  axle  then  the  lift  will  be 

W,  =  0  (h, — h). 


Consequently,  before  tipping  over  the  tank  must  have  a  weight 
which  is  expressed  by  the  following  equation 

The  result  is  that 

— (12) 

v  is  expressed  in  km/h  and  h  is  expressed  in  m. 

8.  Stability  when  Turning  in  an  Inclined  Position 

We  will  assume  that  C  is  the  centrifugal  force  of  inertia, 

P  is  the  angle  of  slope  and  v  the  speed  of  the  center  of  gravity 
on  the  tank. 

We  now  wish  to  calculate  the  value  of  force  C  at  which  the 
tank  tips  (Fig.  13). 

We  have  the  following  equation: 

(C  ■+  C  si  n^5)  k  —  —Cm 5 ^  ; 

from  which  results: 


C  «= 


G  (^j  cos  /J  —  sin  pj 


(13) 


The  relationship  between  the  turning  radius  and  the  speed 
of  the  center  of  gravity  at  which  tipping  occurs,  is  expressed  in 
the  following  formula: 


To  avoid  any  slip  it  is  necessary  that 

C-+-C  sin  p  <  ftG  cos  p. 

At  p  =  0  formula  (13)  can  be  written  as  follows: 


(13a) 
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We  now  wish  to  determine  the  influence  of  the  steering  gear 
design  in  relation  to  speed  and  turning  radius  at  which  the  tank 
tips. 


Figure  13.  Forces  Exerted  on  the  Tank  when  Turning  on  a  Slope 

In  this  we  will  assume  that  in  both  cases  the  engine  rotational 
velocity,  the  transformation  ratio  to  the  drive  sprocket,  as  well 
as  the  number  of  links  which  go  around  the  rim  of  the  drive  sprocket, 
are  equal. 

It  should  be  recalled  that  there  are  two  types  of  steering  gears: 
the  simple  differential  and  the  steering  coupling. 

In  the  case  of  the  simple  differential,  the  path  radius  of  the 
center  of  gravity  at  which  tipping  occurs  is  expressed  in  the  follow-  . 
ing  formula: 

HI  Vs 

c  ~c 

v  is  the  speed  of  the  tank  center  of  gravity  which  is  as  large 
as  the  speed  of  the  same  point  with  movement  in  a  straight  line. 


In  the  case  of  the  steering  coupling,  the  path  radius  of  the 
center  of  gravity  at  which  tipping  occurs  is  determined  from  the 
following  equation: 


_  B  n  •  ,  1/  m  «  m  B  t 

x>  =  T  +  Tc*‘±V2Cv---<rv' 


V£  is  the  speed  of  the  tank  moving  in  a  straight  line.  When  a 
change  is  made  to  circular  travel,  it  becomes  the  speed  of  the 
outer  track.  R2  is  the  path  radius  of  the  outer  track. 
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We  now  wish  to  determine  the  relationship  between  the  radii 
of  the  tipping  movement  and  use  as  a  point  of  departure  the  pre¬ 
condition  that  the  speeds  which  occur  before  turning  tanks  with 
a  simple  rotating  steering  gear  and  with  the  clutch  gear  are  equal 
and  that  engine  rotational  velocity  remains  constant. 


In  order  for  the  tank  to  tip  over  in  a  turn  due  to  centrifugal 
force,  it  is  necessary  that  C  demonstrate  a  definite  value  which 
is  unrelated  to  the  design  of  the  steering  gear,  i.e.  that  C  be  a 
constant  value. 


Consequently, 


C 


i. 


e. 


h 

8* 


The  index  "d"  relates  to  the  rotating  steering  gear  and 
index  "b"  refers  to  the  clutch  gear;  in  both  cases  v  and  R 
refer  to  the  course  of  the  center  of  gravity. 


as 


If  we  designate  the  increasing  speed  of  the  tank  before  it  turns 
v,  we  can  write  the  following  equations: 


*4' 


V 


*6  + 


If  we  square  the  equations,  the  result  is 


the  result  is  that 


(14) 


If,  however,  we  begin  by  disregarding  the  fact  that  C  is  a 
constant  value  and  that  R^  =  Rj,  then  we  can  determine  the  re¬ 
lationship  between  the  speeds  before  the  turn  at  which  tipping 
occurs  at  the  given  R  by  the  following  equation 

B‘  =  v*(l  +  Al¬ 
in  all  cases  treated  here,  the  maximum  value  of  C  must  not 
be  greater  than  U-  Q. 


9.  Surmounting  Obstacles 

Tanks  can  overcome  obstacles  in  three  ways: 

1.  with  the  use  of  special  equipment; 

2.  using  its  power; 

3.  utilizing  the  geometrical  dimensions,  the  position  of  the 
center  of  gravity,  ground  traction  and  the  tractive  effort 
of  the  engine. 

Here  we  wish  to  study  the  latter  method, 
a)  Trenches 

A  trench  can  be  crossed  by  a  tank  at  two  basically  different 
tank  positions ,  namely: 

a)  when  the  center  of  gravity  lies  outside  the  support 
for  a  certain  period  of  time; 

b)  if  the  center  of  gravity  does  not  go  beyond  the  support 
or  is  located  between  two  support  points. 

In  the  first  case  the  trench  can  be  crossed  only  by  utulizing 
the  weight  of  the  tank  before  it  sinks  back  into  the  ground. 

We  do  not  wish  to  deal  with  this  case. 

In  the  second  case  we  must  have  some  idea  of  the  influence  of 
the  following  values  in  regard  to  trench  width: 

1.  the  dimensions  of  the  tank; 

2.  the  position  of  the  center  of  gravity; 

3.  the  type  of  ground; 

4.  the  track  and  suspension  system. 

Before  we  go  any  further  it  seems  fully  clear  that  when  the 
road  wheels  are  on  rigid  bearings  the  trench  can  only  be 
crossed  if  its  width  is  not  greater  than  the  smaller  of  the  dim¬ 
ensions  a  and  b  (see  Fig.  14). 

We  will  assume  that  all  dimensions  a  are  smaller  than  the 
corresponding  dimensions  b. 

In  the  case  of  a  trench  whose  edges  are  not  compressed,  we 
can  assume  that  B  =  a.$. 
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In  reality  the  edge  of  the  trench  can  cave  in  because  of  the 
drive  sprocket  or  the  idler  wheel,  thus  widening  the  trench. 
Thus  for  reasons  of  safety  it  must  be  assumed  when  crossing 
a  trench  that  B  = 

Of  course  the  maximum  width  of  the  trench  which  has  been 
crossed  will  be  smaller,  the  greater  the  difference  between  aj 
and  bj. 


Figure  14.  Crossing  a  Trench 


Consequently,  the  concentric  grouping  of  the  center  of  grav¬ 
ity  v  will  be  most  favorable. 

When  traveling  uphill  and  downhill,  the  trench  width  to  be 
crossed  at  aj  =  bj  will  decline  by  the  value  h  tg  tx  where  h  is 
the  height  of  the  center  of  gravity  and  o<  is  the  angle  of  tilt  or 
inclination. 

The  influence  of  the  spring  tension  (elasticity)  of  the  suspen¬ 
sion  will  be  expressed  in  the  fact  that  the  tank  begins  to  tilt,  thus 
moving  the  center  of  gravity  lower  as  soon  as  the  foremost  road 
wheel  goes  over  the  edge.  Consequently,  as  soon  as  the  center  of 
gravity  begins  to  sink,  the  tank  hull  tilts  somewhat  and  the  center 
of  gravity  is  lowered  further. 

Consequently,  any  arbitrary  elastic  support  impairs  the  pre¬ 
condition  for  crossing  a  trench,  if  they  are  compared  to  a  rigid 
suspension. 
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b)  Vertical  Wall 


If  the  question  is  to  be  answered  how  a  tank  surmounts  a 
vertical  wall,  main  attention  must  be  devoted  to  the  method  of 
describing  it  while  maintaining  the  purpose,  however,  that  the 
conclusions  reached  approach  reality  and  form  a  basis  for 
knowing  the  tank  design  so  as  to  be  able  to  judge  its  ability  to 
surmount  the  wall. 

The  methods  of  solving  this  problem  will  be  different  accord¬ 
ing  to  whether  the  tank  is  regarded  as  being  a  rigid  body  rather 
than  equipped  with  springs. 

In  the  case  of  rigid  tank  suspension,  climbing  a  vertical 
wall  becomes  a  deflection  of  the  rigid  body  at  right  angles. 

If  the  tank  has  a  track  and  suspension  with  springs,  then  a 
solution  of  the  problem  is  more  difficult. 


Figure  15.  Climbing  a  Vertical  Wall 


We  will  classify  the  process  of  climbing  a  vertical  wall  into 
two  parts: 

1.  From  the  moment  that  the  idler  wheel  comes  in  contact 
with  the  vertical  surface  of  the  wall  (Fig.  15a)  until  the 
metacenter  touches  the  wall  (Fig.  15b). 

2.  From  the  moment  that  the  vertical  line  from  the  center  of 
gravity  comes  into  contact  with  the  surface  of  the  wall,  up 
to  the  instant  in  which  the  tank  reaches  the  surface  of  the 
ground  (Fig.  15c). 

In  order  to  illustrate  more  clearly  the  essential  points  of  this 
phenomenon,  we  will  consider  the  behavior  of  a  rod  moving  toward 
a  right-angled  obstacle. 
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We  are  dealing  with  two  wheels  A  and  B,  which  rotate 
freely  on  axles  connected  by  a  rod.  We  will  assume  that  the 
rod  moves  uniformly  at  right  angles  with  the  rod,  whereby  one 
side  of  the  angle  equals  H  and  the  other  is  arbitrarily  large. 

Now  we  wish  to  consider  the  manner  of  movement  more 
closely. 

The  movement  of  the  rod  is  made  up  of  two  types  of  move¬ 
ment;  one  continuous  (toward  the  horizontal  and  vertical  plane) 
and  a  rotational  movement  around  the  center  of  gravity.  It  can 
be  replaced  by  a  rotational  movement  around  the  momentary 
center  point  M.  We  find  this  center  point  at  the  point  of  inter¬ 
section  of  the  vertical  lines  to  the  speed  vectors  of  wheel  rim 
points  A  and  B. 


Figure  16.  Movement  of  a  Rod  Toward  a  right-angled  Obstacle. 


Figure  17.  Movement  of  a  Track  Toward  a  right-angled  Obstacle. 

From  the  drawing  we  obtain  the  following  equation: 

v ^  M  Aw  ,  va  —  M  Bw  , 

in  which  w  is  the  angular  velocity. 

v^  and  vg  are  the  rotational  speeds  of  the  point  on  wheel 
rims  A  and  B. 
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Then: 


_  M  A  _ 

va  "  70  9‘ 

Of  course  the  value  of  q  will  change  with  a  change  of  the 
angle  of  rotation.  Consequently,  q  =  f(c(). 

As  we  see,  the  rotational  speeds  (with  the  exception  of 
MA  =  MB)  are  unequal;  for  this  reason  their  rotational  velocities 
of  the  moving  rod  at  an  angle  will  be  unequal. 

Now  we  wish  to  put  a  track  (Fig.  17)  on  wheels  A  and  B. 

According  to  the  conclusions  already  drawn,  shift  velocities 
v^  and  vg  are  not  equal.  The  system  is  connected  by  a  band 
(track),  consequently  the  rotational  velocities  must  be  equal, 
therefore  vj±  =  vg  . 

Due  to  the  slip  movement  in  points  A  and  B,  the  equality  of 
the  speeds  no  longer  prevails. 

In  our  case,  this  phenomenon  is  only  possible  at  point  A 
because,  if  this  slip  at  point  A  does  not  take  place  and  v^  is 
larger  than  vg,  the  resistance  force  against  slip  of  point  B 
will  push  the  track  from  the  wall  and  preclude  any  forward  motion. 

The  slip  velocity  at  point  A  coincides  with  the  direction  of 
movement  of  this  point. 

We  wish  to  study  the  forces  on  the  tank  during  this  movement 
in  order  to  construct  the  first  time  interval. 


Figure  18.  Forces  being  exerted  when  climbing  a  vertical  wall 
at  the  beginning  of  the  phenomenon. 

The  forces  being  exerted  on  the  equipment  are  (Fig.  18): 

and  Q2  are  the  vertical  reactions  of  the  ground. 

Ql  (  Pi  -  <i>  andQ2  (9>2-  f2)  are  the  tangential  reactions  of 

the  earth. 
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In  order  to  maintain  the  given  speed  of  the  equipment  on  the 
obstacle  it  is  necessary  that  the  moment  of  the  forces  Mj  oppo¬ 
site  any  arbitrary  point  in  clockwise  direction  be  greater  than 
the  moment  in  counterclockwise  direction. 


As  is  clear  from  Fig.  18,  it  is  not  difficult  to  maintain  the 
named  ratio  of  values  between  M^  and  M2  if  force  Q  ( ^2) 
is  directed  upward.  This  is  impossible,  however,  with  the 
presence  of  slip  velocity  which  is  also  directed  upward. 

We  will  pose  the  question  in  the  following  form:  "Under  what 
conditions  is  a  change  of  direction  of  force  Q2  <  ^2“  ^2  )  toward 
the  opposite  side  in  the  realm  of  possibility?" 

A  precondition  is  that  the  point  of  contact  of  the  track  with 
the  ground  must  have  an  upward  directed  velocity. 

We  now  wish  to  show  how  this  is  achieved. 


The  speed  of  slip  is  just  as  great  as  the  difference  between 
the  speeds  (Fig.  17): 

V,,  a  —  vam  (A  M  —  B  Af)  «u  . 

It  is  clear  that  the  speed  of  the  track,  if  it  is  drawn  down¬ 
ward  at  point  A  with  a  speed  of  Vgj  will  equal  zero  at  the  point 
opposite  the  earth's  surface  so  that,  instead  of  the  upward  di¬ 
rected  Q2  (  2  ~  ^2)  we  °btain  the  value 

If,  however,  the  rotational  speed  of  the  track  is  larger  than 
v  then  force  Q2  ( ¥2  ^2  )  will  be  directed  upward  (opposite 

track  movement).  This  is  what  we  wanted. 


Consequently  we  achieve  a  change  of  direction  of  force 
q2  <v2-4>  by  pulling  the  track  downward  at  point  A  at  a  speed 
greater  than  Vgj. 

The  mentioned  track  movement  is  achieved  by  slip  at  a  speed 
of  vb  >  vgl‘ 

The  amount  of  slip  is  expressed  by  the  following  equation: 


**'■  ,  r*~  ,  »a  ,  ,  rg 

r*>  -+ r*  rA  AM 


(15) 


If,  for  example,  in  the  first  moment  0.  1  then  the  re- 

AM 

quired  slip  becomes  £  =  90%. 
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Consequently,  slip  is  a  precondition  for  an  upward  directed 

force  Q2  (Vz-f2).  This  slip  will  occur  in  equal  measure  as 

forward  motion  is  reduced,  i.e.  in  which  the  angle  of  rotation  of 

the  tank  is  greater.’ 

* 

In  most  cases  the  first  time  interval  is  not  the  boundary  case 
when  climbing  a  vertical  obstacle,  but  the  second  time  interval, 
when  the  line  of  the  weight  coincides  with  the  vertical  plane  of 
the  wall. 

Before  the  vertical  line  from  the  center  of  gravity  touches 
the  wall,  the  tank  forms  an  angle  with  the  horizontal  plane  in 
which  the  engine  may  die  out  because  it  is  overloaded  or  because 
slip  occurs,  probably  for  the  last  named  reason. 

We  are  assuming  that  the  vertical  line  lies  on  the  center  of 
gravity  in  the  vertical  plane.  We  now  write  down  the  equation 
for  the  wall  height  H  to  be  climbed  as  a  function  of  the  tank 
(Fig.  19). 

If.  Ldn«+ »,«*«■+ (16) 


As  we  see,  H  =  /(or  ). 

In  order  to  determine  the  maximum  value  for  H,  the  function 
must  be  checked  according  to  the  maximum  and  minimum  value. 
The  formula  OC  is  unsuitable  for  calculating  and  leads  to  a  result 
which  does  not  conform  to  reality  because  in  most  cases  the  value 
of  max  determined  according  to  the  study  is  larger  than  the 
Of  max  of  ground  traction. 

To  calculate  Hmax  it  is  sufficient  to  substitute  the  maximum 
surmountable  angle  of  inclination  of  the  tank  into  the  equation 
H  =  /(Of)  because  the  tank  movement  in  the  moment  at  which  it 
reaches  the  horizontal  surface  can  equal  the  climbing  movement. 

Experience  has  shown  us  that  the  calculated  Hmax,  apart 
from  certain  differences  of  ground  traction  during  climb  over  the 
wall,  comes  very  close  to  reality. 
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Figure  19.  Conclusion  of  the  first  time  period  when  climbing  the 
vertical  wall. 

1.  Upper  surface  of  ground.  2.  Slope.  3.  Lower  surface. 

4.  Inclination 

In  H  =  /(or)  we  notice  the  following: 

1.  The  nearer  the  center  of  gravity  lies  to  the  bow  and  the 
deeper  it  lies,  the  higher  is  the  slope  to  be  surmounted 
(relative  to  stability). 

2.  In  the  overwhelming  number  of  tanks  ^max  is  larger  than 

1  max  an(^  t*ie  greater  ground  traction  of  the  track,  the 
larger  is  C£  ^  max  and  the  higher  the  wall  to  be  climbed 
over. 

3.  The  height  of  the  wall  to  be  climbed  is  in  no  way  related 
to  which  wheel  is  in  front;  the  idler  wheel  or  the  drive 
sprocket. 

4.  The  height  of  the  front  wheel  axle  exerts  only  a  slight  in¬ 
fluence  on  the  height  of  the  wall  to  be  climbed. 

c)  Influence  of  Track  and  Suspension  Design  on  Wall  Height 

We  wish  to  consider  two  track  and  suspension  systems  more 
closely;  the  road  wheel  with  individual  springs  and  the  swing  arm 
suspension.  The  relationship  between  wall  height  and  the  type  of 
suspension  becomes  especially  clear  in  the  first  time  interval. 
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We  wish  to  consider  the  suspension  with  road  wheels  having 
individual  springs  (Fig.  20).  Its  influence  on  wall  height  is  de¬ 
termined  in  first  order  by  the  height  of  two  points,  that  is  the 
axis  of  the  steering  wheel  (we  are  assuming  that  the  drive  sprocket 
is  in  the  rear). 


Figure  20.  Tank  with  road  wheels  having  individual  springs,  climb¬ 
ing  over  a  vertical  wall. 

We  wish  to  call  attention  to  the  following  characteristics  stip¬ 
ulated  by  the  track  and  suspension: 

a)  We  do  not  know  the  velocity  direction  of  two  points  on  the 
hull  according  to  which  we  can  determine  the  center  point 
of  the  actual  turn  for  the  hull. 

b)  The  rear  support  point  (without  considering  the  tank  move¬ 
ment  in  the  horizontal  plane)  cannot  serve  as  center  point 
of  the  turn  as  long  as  the  springs  are  not  fully  compressed 
or  a  part  of  the  weight  is  transmitted  from  the  drive  sprock¬ 
et  to  the  ground. 

The  center  point  of  the  turn  coincides  with  the  center  point  of 
the  system  which  generally  does  not  coincide  with  the  center  of 
gravity  but  lies  to  the  left  or  to  the  right  of  it. 

In  order  to  determine  the  nature  of  the  influences  exerted  on 
the  track  and  suspension  without  using  differential  equations,  we 
used  the  following  method. 

We  are  assuming  that  the  center  of  gravity  is  located  higher 
than  the  axis  of  the  idler  wheel. 
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Moment  M  is  affecting  the  equipment.  The  tank  begins  to 
turn  around  the  system  center  point  and  therefore  describes  an 
arc  AA^  if  the  wall  can  be  compressed  (since  the  error  is  only 
insignificant,  we  can  assume  that  the  system  center  point  co¬ 
incides  with  the  center  of  gravity). 

Doubtlessly  the  resistance  against  shift  at  point  A  will  be¬ 
come  stronger;  in  addition,  however,  it  is  necessary  that  the 
tank  center  of  gravity  not  be  shifted  because  otherwise  the  idler 
wheels  dig  into  the  ground  making  it  impossible  to  climb  the  wall 
above  the  idler  wheel  axle. 

For  this  reason  the  tank  will  slip  up  to  100%  during  its  turn 
at  angle  y>  ,  which  corresponds  to  arc  AA^. 

We  are  assuming  that  the  wall  will  not  give. 

Under  these  circumstances,  the  center  of  gravity  will  be 
moved  toward  the  rear  while  the  tank  hull  is  turning  at  angle 
in  spite  of  shifting  into  first  gear,  and  will  exhibit  lag  during 
travel. 

The  probable  result  of  this  will  be  that  the  normal  reaction  of 
the  wall  will  drop  to  zero  and  that  the  tank  will  not  be  able  to  climb 
the  wall  above  the  height  of  the  idler  wheel  axle  without  the  aid  of 
special  equipment.  The  tank  tractive  effort  during  the  first  time 
segment  will  also  be  variable  and  at  many  points  in  time  can  be 
completely  equalized  by  forces  of  inertia. 

From  this  it  is  clear  that  it  is  in  no  way  necessary  that  the 
idler  wheels  dig  into  the  earth  and  a  100%  slip  occurring  or  that 
the  tank  rolls  back  during  the  turn  of  its  hull  around  the  angle  . 

We  will  observe  a  similar  phenomenon  in  the  case  of  the  sus¬ 
pension  arm  support,  if  they  are  placed  on  the  tank  hull  below  the 
tank's  center  of  gravity. 

In  the  second  time  segment  the  use  of  road  wheels  with  indi¬ 
vidual  springs  will  work  in  such  a  way  that  distance  h  from  the 
vehicle  floor  to  the  center  of  gravity  is  reduced  at  braking  by  the 
additional  stroke  distance  of  the  drive  sprocket  if  the  tank  center 
of  gravity  lies  in  the  vertical  plane. 

If  the  tank  is  equipped  with  suspension  arms,  this  reduction  of 
distance  will  be  effected  by  utilizing  slack  in  the  track  and  by  com¬ 
pression  of  the  springs. 
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The  following  can  be  said  in  reaching  a  conclusion  on  this 
information: 

1.  In  the  case  of  an  elastic  suspension  it  is  very  difficult  to 
surmount  the  wall  in  the  first  time  interval  if  the  center 
of  gravity  lies  higher  than  the  idler  wheel  axle. 

2.  In  comparison  with  rigid  suspension,  the  height  of  the 
wall  to  be  climbed  is  greatly  increased  if  the  tank  has 
road  wheels  with  individual  springs,  but  will  be  increased 
by  an  insignificant  amount  if  the  tank  is  equipped  with  a 
suspension  arm  system. 

d)  The  Tank  Climbing  a  Vertical  Wall  on  Sloping  or  Inclining 
T  errain.  c 

Without  considering  the  type  of  track  and  suspension,  the  sys¬ 
tem  center  point,  the  axis  of  the  system  frame,  the  outermost 
support  point  on  upward  sloping  terrain,  will  lie  below  the  point 
at  which  the  idler  wheel  comes  into  contact  with  the  vertical  wall 
(Fig.  21);  consequently  the  wall  height  to  be  surmounted  will  be 
higher  in  the  first  segment  of  time  than  on  a  horizontal  surface, 
other  preconditions  being  equal. 


Figure  21.  Climbing  a  Vertical  Wall  on  Upward -sloping  Terrain 


Figure  22.  Climbing  a  Vertical  Wall  on  Downward -sloping  Terrain 
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In  the  second  time  segment  the  picture  changes  completely; 
in  the  same  angle  of  inclination  of  the  tank  floor  opposite  the 
horizontal  plane,  the  tank  exhibits  a  lower  support  point  in  com¬ 
parison  with  the  first  case.  Consequently,  the  surmountable 
height  of  the  wall  will  also  be  lower  than  if  the  wall  were  being 
climbed  from  a  horizontal  surface. 

On  slopes  (Fig.  22)  the  turning  center  point  lies  higher  than 
the  contact  point  of  the  idler  wheel  with  the  vertical  wall;  con¬ 
sequently  the  height  to  be  climbed  in  the  first  time  segment  will 
usually  not  be  higher  than  the  idler  wheel  axis. 

In  the  second  time  segment  the  wall  to  be  climbed  from  down¬ 
ward  sloping  terrain  can  be  much  higher  than  an  approach  from 
upward -sloping  terrain,  if  the  upward  sloping  and  downward  slop¬ 
ing  angle  is  the  same. 

Consequently,  we  come  to  the  following  result: 

1.  From  upward  sloping  terrain  the  height  of  the  wall  to  be 
climbed  will  be  less  in  the  second  time  segment. 

2.  In  the  case  of  downward  sloping  terrain  the  wall  height 
to  be  climbed  will  be  limited  by  the  first  time  segment 
(in  first  gear). 

3.  The  wall  height  to  be  climbed  by  the  tank  on  upward  and 
downward  sloping  terrain  is  less  than  on  a  horizontal 
plane,  all  other  preconditions  being  equal. 


Figure  23.  The  Tank  Juts  in  Front  of  the  Idler  Wheel 

In  conclusion  we  wish  to  state  the  following: 

In  order  to  be  able  to  protect  the  drive  sprockets  and  the 
driven  wheels  against  fracture  when  breaking  through  a  building 
wall  or  a  walled  obstacle,  it  seems  advisable  to  fasten  the  wheels 
on  the  tank  hull  in  such  a  way  that  they  will  not  jut  beyond  the 
armor  plating  (Fig.  23). 
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This  will  involve  one  or  two  methods  of  installation: 


1.  When  traveling  at  high  speed  the  tank  hull  will  completely 
destroy  the  wall  or  its  upper  edge  and  surmount  the  ob¬ 
stacle  in  this  way.  This  explains  the  preference  of 
mounting  the  wheels  on  the  front  as  suggested  above. 

2.  If  the  tank  is  traveling  in  first  gear,  the  tangents  of  the 
wall  reaction  will  be  directed  downward  and  the  tank  will 
not  be  able  to  climb  the  wall  if  its  hull  lies  on  the  obstacle. 


e)  Knocking  Over  Trees 

On  combat  missions  or  in  the  performance  of  its  duties  the 
tank  may  have  to  pass  through  a  forest  (or  will  encounter  an  arti¬ 
ficial  obstacle);  in  this  case  the  power  output  of  the  tank  is  most 
important. 

We  wish  to  take  up  the  task  of  knocking  down  a  tree,  without 
considering  the  weight  of  the  tank. 

In  this  case,  force  T  is  exerted  on  the  tree  at  height  H 
(see  Fig.  24). 


Figure  24.  Knocking  Over  a  Tree  at  Low  Speed 
When  this  force  is  exerted,  we  can  count  on  two  results: 
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a)  The  tree  will  be  knocked  over  by  its  roots  being  loosened; 

b)  The  tree  will  be  broken  off  by  bending  moment  TH  in  the 
cross  section  at  which  the  size  ratio  TH/W  reaches  its 
maximum  value. 

H  is  the  height  between  the  point  at  which  force  T  is  ex¬ 
erted  and  the  breaking  point. 

W  is  the  resistance  moment  of  the  cross  section. 

It  would  be  pointless  to  give  further  study  to  the  first  phenom¬ 
enon  (tearing  out  by  the  roots)  since  this  has  no  direct  relationship 
to  the  diameter  of  the  tree,  but  is  stipulated  only  by  the  nature  of 
the  ground,  the  season  and  the  tree  type. 

In  regard  to  the  second  case,  it  is  very  important  to  learn  to 
what  extent  the  possibility  exists  for  the  tank  to  raise  the  height 
(the  "lever  arm")  of  the  bending  moment,  or  the  point  at  which  its 
force  is  applied  to  the  tree. 


Figure  25.  Forces  being  exerted  on  a  tank  when  knocking  over  a 
tree. 

If  we  compile  the  forces  which  are  exerted  on  the  tank  in  this 
case  and  then  set  up  the  appropriate  equations  (see  Fig.  25)  we 
obtain: 

=  T  H—Ca—Tfy  1= rO; 

/>_«—r=o 
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or  assuming  that  the  tractive  effortiof  the  engine  equals  that  of 
ground  traction 

T  =  Q  (y  —  f)i 

£Z  =  Q-C-Tt=0. 

f  Y  is  the  friction  coefficient  of  the  longitudinal  slip  on  the  hull 
against  the  tree  and  f  is  the  coefficient  of  resistance  of  the  tree 
against  movement. 

If  we  solve  all  equations  with  the  common  purpose  of  elim¬ 
inating  T  and  Q,  we  reach  the  result  that  the  tank  will  begin  to 
raise  the  contact  point  of  the  hull.with  the  tree 

_  ft 

Now  we  wish  to  consider  to  what  extent  this  is  possible. 

We  assume  that 

Z.  =  2;  a  =  3m  ftnci  ^,  =  0.1 


and  thus 


9- 


0J~f,(L  <*) 


*  0.7 


'  But  this  in  no  way  corresponds  to  the  true  value  of  the  named 
coefficients  q  and  f  and  thus  it  is  utterly  impossible  for  the  tank 
to  slip  upward  on  the  tree  if  we  exclude  the  case  that  the  tree  trunk 
is  bent. 

In  this  manner  the  moment  being  imposed  on  the  tree  is 

M  -  T  Hk 

in  which  H  represents  the  height  of  the  wheel  above  the  ground. 

With  this  method  the  tree  falls  forward  in  the  tank's  direction 
of  travel. 

f)  Knocking  over  Trees  at  High  Speed  using  the  Weight  of  the  Moving 
Tank. 

Without  becoming  involved  in  the  calculation  of  the  phenomenon 
described,  the  calculation  being  so  very  involved,  we  will  only 
attempt  a  description  to  reach  the  necessary  conclusion. 
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We  will  deal  with  two  possibilities: 

1.  Knocking  over  trees  with  a  low  crest; 

2.  Knocking  over  trees  with  a  high  crest. 

We  will  assume  that  a  tank  traveling  at  speed  v  comes  into 
contact  with  its  hull  against  a  tree  trunk  with  a  low  crest. 

If  the  tree  breaks  off  at  the  point  of  contact,  the  trunk  will 
certainly  fall  backward  onto  the  tank  roof  (Fig.  26). 

This  phenomenon  is  controlled  by  the  fact  that  the  inert  re¬ 
sistance  prevents  the  tree  from  falling  forward  since  the  crest 
remains  where  it  is  while  the  point  of  contact  moves  forward  to¬ 
gether  with  the  tank,  causing  the  tree  to  fall  backward. 

In  this  case  we  are  dealing  with  a  double -braced  beam  and 
a  shock  load  between  the  support  points. 


When  the  tank  collides  with  the  tree  trunk  at  speed  v,  the 
crest  being  high  (Fig.  27),  a  somewhat  different  phenomenon  will 
occur:  here  again  we  are  dealing  with  a  beam  on  two  supports 
with  dynamic  load  between  the  support  points;  but  in  this  case 
the  second  support  point  (air  resistance)  is  thrust  upward  in  com¬ 
parison  with  the  first  case. 

Because  of  this  fact  the  maximum  value  of  M  —  h/W  canalso 
occur  in  the  other  cross  sections  because  in  relation  to  W,  the 
tree  height  is  smaller.  This  occurs  although  the  maximum  bend¬ 
ing  moment  is  appliedat  the  point  of  contact. 
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The  final  result  is  that  the  tree  breaks  at  two  points;  the 
top  falls  backward  while  a  piece  of  the  trunk  falls  onto  the  front 
of  the  tank. 

In  both  cases  the  tree  top  falls  backward  and  breaks  the 
radio  antenna. 

In  conclusion  we  wish  to  refer  to  the  fact  that  light  tanks  at 
full  speed  can  break  down  trees  with  a  diameter  of  30-35  cm 
without  having  to  fear  damage  to  the  hull  or  other  parts. 

In  the  case  of  medium  tanks  we  can  calculate  with  diameters 
of  50-55  cm. 


Figure  27. 


109. 


Section  III. 


THEORY  OF  THE  TURNING  MANEUVERS  OF  TANKS 
1.  Turning  of  Tanks 

By  and  large  the  turning  of  tanks  can  be  reckoned  with  sur¬ 
face  movements. 

A  line  will  always  be  present  which  represents  the  momen¬ 
tary  axis  of  turn.  The  projection  of  this  axis  on  the  plane  of 
motion  is  called  the  tank's  center  point  of  turn. 

According  to  the  type  of  turn,  the  center  point  of  turn  will 
either  shift  and  form  a  crooked  line  (curve)  or  will  remain  at 
one  point  if  the  turn  is  performed  uniformly. 

The  movement  of  each  track  individually  can  be  regarded  in 
accordance  with  resistances  which  appear  during  movement; 
these  can  be  classified  into  two  types: 

a)  Forward  movement  together  with  the  pole  at  which  the 
speed  corresponds  with  the  direction  of  the  track  at  any 
point  in  time,  i.e.  in  which  it  forms  the  speed  of  the 
turn,  and 

b)  the  turning  of  the  tracks  in  contrast  to  the  mentioned  pole. 

During  forward  movement,  resistance  will  be  expressed  in 
the  compression  of  the  earth's  surface,  i.e.  the  deformation  in 
the  vertical  direction  and  is  determined  according  to  the  coeffi¬ 
cient  of  resistance  f  against  moving  in  a  straight  line. 

Resistance  against  the  turn  will  be  expressed  in  the  slip  of 
the  track  on  the  earth's  surface,  tearing  up  and  casting  out  of  the 
earth's  surface  in  the  transverse  direction. 

The  direction  of  the  forces  in  this  case  can  be  assumed  to  be 
vertical  to  the  longitudinal  axis  of  the  track. 

Accelerations  of  track  movements  during  the  turn,  i.e.  the 
changes  of  its  speed  is  characterized  by  the  type  of  reaction  on 
the  steering  gear. 

The  speeds  will  be  non-uniform:  the  track  which  develops 
the  maximum  speed  V£  will  be  designated  as  outside  one,  the 
one  which  develops  the  less  speed  will  be  designated  as  the  inside 
one. 
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The  poles  of  the  track  rotational  movement,  whose  absolute 
speeds  correspond  with  the  turning  speeds  of  the  tracks,  can  be 
designated  as  the  center  turning  points  of  the  tracks  (Fig.  1, 
points  A  and  B). 

The  center  turning  point  of  the  tracks  will  not  always  be 
located  on  the  transverse  axis  of  the  tank.  It  will  shift  during 
the  turn  from  the  transverse  axis  to  one  side  or  the  other.  Its 
grouping  in  each  individual  case  will  depend  on  the  movement  of 
the  tank  performing  the  turn. 


Figure  1.  Position  of  the  Center  Point  of  Turn  on  the  Tank 

The  position  of  the  momentary  center  point  of  the  turn  on  the 
one  hand  will  depend  on  the  position  of  the  center  point  of  track 
rotation,  and  on  the  other  hand  on  the  speeds  V2  and  vj  of  the 
outside  and  inside  track. 

Fig.  1  shows  the  position  of  the  tank  center  point  of  turn  at 
the  intersection  of  the  line  drawn  through  the  center  point  of  track 
turn  and  the  line  which  passes  through  the  ends  of  the  speed  arrows 
of  the  outer  and  inner  track. 

The  distance  between  the  tank  center  point  of  turn  and  the  axis 
of  the  outer  track  is  designated  as  the  radius  of  the  turn  R. 
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The  angular  velocity  (U  of  the  turn  in  the  case  of  the  tank 
and  both  tracks  will  by  and  large  be  equal. 

If  we  know  the  speeds  of  the  outer  track  V2  or  the  speed 
of  the  inner  track  and  the  radius  of  turn,  then  the  angular 
velocity  of  the  turn  CD  can  be  determined: 


u- 


2Lt 

a 


a- b 


(1) 


If  the  speeds  V2  and  v^  are  known,  the  radius  of  turn  R 
and  the  angular  velocity  CO  can  be  determined  according  to 
formula  (1). 


We  will  designate  the  speed  on  the  intersecting  point  of  the 
radius  of  turn  and  the  tank  longitudinal  axis  as  mean  velocity 
and  introduce  the  expression  vc  for  it.  In  the  special  case, 
this  speed  can  also  be  the  center  of  gravity  vQ. 


On  the  basis  of  the  formula 


Ut 


as  well  as  formula  (1),  we  obtain  the  formula  for  the  relations 
between  the  speeds 
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R-0 
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(2) 

Z(R-  B) 

(3) 
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c  2  R —  B 

v, 
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A  tank  with  steering  coupling  begins  to  turn  when  the  steering 
clutch  is  disengaged,  i.  e.  when  the  track  is  freed  from  the  trans¬ 
mission  of  forces  and  the  brake  belonging  to  this  steering  clutch 
is  applied. 

A  turn  will  result  in  that  direction  in  which  the  steering  clutch 
is  disengaged  and  the  track  braked. 

If  the  engine  rotational  speed  remains  the  same  during  the 
turn  as  before  the  turn,  then  in  the  case  of  steering  clutches  the 
speed  of  the  outer  track  V£  will  remain  the  same  as  when  the 
tank  was  traveling  straight  ahead. 


On  the  other  hand,  the  speed  of  the  inner  track  will  be  re¬ 
duced  in  relation  to  braking  power.  Also,  the  speed  of  move¬ 
ment  of  the  center  of  gravity  will  be  reduced. 

During  the  turn,  the  speeds  V2  and  vj  as  well  as  the  radius 
of  turn  R  will  have  a  constant  value. 

A  tank  with  a  simple  rotating  steering  gear  can  be  turned  by 
braking  one  of  the  two  rear  axle  shafts.  A  turn  will  result  in 
that  direction  in  which  the  rear  axle  shaft  was  braked. 

If,  when  turning  a  tank  with  a  simple  rotating  steering  gear, 
engine  rotational  velocity  remains  the  same  as  before  the  turn, 
then  it  can  be  said  on  the  basis  of  the  equation  for  planetary  gears 
2n  =  n^  +  n^  and  according  to  formula  (5)  that  an  average  speed  of 
the  tank  remains  unchanged,  so  that  the  total  of  its  speeds  remains 
a  constant  value  the  entire  time. 

This  means  that  the  increased  speed  of  the  outer  track  will 
be  as  great  as  the  reduction  of  speed  of  the  inner  track. 

If  conditions  make  a  turn  more  difficult,  the  tank  will  turn  by 
utilizing  its  mass.  The  engine  rotational  velocity  as  well  as  aver¬ 
age  speed  will  be  reduced  to  a  degree  dependent  on  the  operating 
of  the  engine. 

The  reduction  of  average  speed  in  this  case  will  occur  simul¬ 
taneously  with  the  speed  reduction  of  the  outer  and  inner  track 
whereby  the  relation  between  these  speeds,  which  can  be  determined 
according  to  formula  (5)  will  remain  constant. 

During  movement  the  turning  point  of  the  tank  will  not  change 
position.  The  radius  of  turn  R,  the  speeds  of  the  outer  track  V2 
and  the  inner  track  v^  will  likewise  remain  constant. 

2.  Exterior  Forces  and  Moments  Exerted  on  the  Tank  During  a  Turn 

a)  The  Tank  Turns  on  Flat  Terrain 

The  determination  of  forces  required  for  turning  is  rather  in¬ 
volved  when  we  consider  all  forces  being  exerted  during  the  turn. 

In  order  to  study  the  essential  points  of  these  phenomena,  in¬ 
sofar  as  this  is  possible  and  in  order  to  be  able  more  easily  to 
determine  the  forces  required  for  turning,  we  will  first  take  up  the 
simplest  case  of  a  turn  on  a  level  section  of  road  at  a  uniform  angu¬ 
lar  velocity,  i.  e.  with  a  constant  radius  of  turn. 


We  will  proceed  on  the  following  assumptions: 

a)  We  will  take  as  a  basis  the  centrifugal  force  which  passes 
through  the  tank  around  its  axis  during  the  turn,  and  not  through 
its  center  of  inertia,  and  which  equals  zero; 

b)  We  will  assume  that  the  tank  center  of  gravity  intersects 
the  axes  of  symmetry  of  the  tracks'  support  surfaces; 

c)  Finally,  we  will  assume  that  the  vertical  pressure  is  dis¬ 
tributed  uniformly  on  the  tracks'  support  surfaces. 

Later  on  we  will  take  up  the  influence  of  centrifugal  force  in 
more  detail.  For  the  present  we  will  only  state  that  influence  of 
centrifugal  force  can  be  neglected  if  the  traveling  speed  of  the  tank 
is  low  and  if  the  tank  performs  the  turn  with  a  large  radius. 


Figure  2  schematically  depicts  the  turning  tank  and  the  forces 
being  exerted  on  it. 

P2  is  the  tractive  effort  of  the  outer  track;  this  tractive  effort 
is  directed  in  the  direction  of  forward  movement. 

Pj  is  the  tractive  effort  of  the  inner  track  in  the  same  direction. 

R2  and  Rj  of  the  tracks'  resistance  to  forward  movement.  In 
the  case  of  the  above  mentioned  presumptions 

-  n 

'll  “  “1  ®  -  jT  • 

m  which  f  is  the  coefficient  of  resistance  to  forward  movement 
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The  rectangles  on  Fig.  2  depict  the  forces  of  resistance  of 
the  ground  against  the  turning  of  the  tracks.  In  other  words  this 
is  the  reaction  of  the  ground  on  the  tracks,  i.e.  the  reactions 
caused  by  the  friction  of  the  track  on  the  ground  and  the  throwing 
out  of  earth  through  the  edges  of  the  track  links  and  grips. 

These  forces  work  against  the  effort  of  the  tracks  to  turn. 

The  resistance  forces  against  turn  are  determined  solely  by 
the  weight  of  the  tank,  other  preconditions  being  equal.  Conse¬ 
quently,  they  can  be  expressed  by  the  weight  and  the  coefficient 
of  turn  resistance  (u.). 


Figure  3.  Uniform  Track  Load 

In  the  aforementioned  assumptions,  one -half  of  the  tank  weight 
G/2  is  imposed  on  each  track.  In  the  case  of  the  load  on  the  sup¬ 
port  surfaces  of  the  tracks  (Fig.  3)  which  we  assumed  to  be  uniform, 
the  specific  pressure  on  the  longitudinal  unit  of  the  supporting  part 
of  the  track  would  be  G/2L.  Consequently,  the  specific  force  of 
resistance  of  ^<G/2L  would  be  exerted  on  the  longitudinal  unit  of 
the  track. 

We  now  wish  to  write  down  the  equations  of  force  equilibrium 
and  use  the  equations  of  the  moments  in  regard  to  the  turning  cen¬ 
ter  point  of  the  outer  track  A  (Fig.  2)  and  in  regard  to  the  turning 
center  point  of  the  inner  track  B: 

*»  +  Pt-Rt-  *,  =  o.  .  (a) 

^a=()  (b) 
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and  correspondingly 

<!>,-#,)  S  *«  {d) 

The  right  side  of  the  equations  (c)  and  (d)  which  had  been 
determined  in  regard  to  the  resistance  forces  against  the  turning 
of  the  track  is  designated  as  the  moment  of  resistance  Mc  against 
the  turning  of  the  tank. 

From  equation  (b)  we  obtain 

L 

This  means  that  in  this  case  the  track  center  point  of  turning 
is  located  in  the  center  of  the  track  support  surface  length. 

If  we  substitute  the  determined  value  a  in  the  right  side  of 
equations  (a)  and  (d),  we  obtain  a  new  formula  for  the  moment  of 
resistance  against  turning 


(6) 

The  equations  of  moments  (c)  and  (d)  can  be  written  in  the 
following  form: 


(*,- ?,)  B  =  UlL 

JLlL. 

From  these  equations  we  will  obtain  final  values  of  tractive 
efforts  P£  and  Pj  of  the  outer  and  inner  track  by  substituting 
fC/2  for  Rj  and  R£: 


and 


P  _  t°  ,  ?CL  (7) 

~  T  +  7F 

p  IG  pGL 

l=  2  <B  (7a) 


After  giving  careful  consideration  to  formulas  (7)  and  (7a)  we 
can  reach  the  following  conclusions: 
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1.  The  tractive  efforts  P2  and  necessary  for  turning  are 

dependent  on  the  resistances  against  forward  movement  of  the 
tank  as  well  as  the  moment  of  resistance  against  turning  of  the 
tank  and  on  track  width  h.  (In  this  case  "track"  means  the  in¬ 
dentation  left  by  the  track  in  the  ground  -(Tr.  )  ) 

2.  In  the  case  of  the  relationships  between  tank  track  length  and 
track  width  (the  track  on  the  tank  is  meant  here  -(Tr.  )  )  (4.  3  and 
4.6)  and  in  the  case  of  the  large  resistance  coefficient  against 
turn  ft  in  comparison  to  f  (Table  1),  the  second  member  of  the 
right  side  of  the  equation  is  much  larger  than  the  first. 

Consequently,  the  tractive  effort  of  the  tracks  P2  and  Pj 
are  actually  stipulated  by  the  resistance  force  against  turn. 

Table  1.  Resistance  Coefficients  against  Turn 


Soft  Ground  .  0.  7 

Hard  Ground  .  0.4 

Snow  Cover  . . . .  0.  45 


3.  The  tractive  effort  of  the  outer  track  P2  is  a  positive  value; 
consequently  it  must  be  effected  by  engine  power. 

4.  Since  the  second  member  on  the  right  side  of  the  formula  (7a) 
is  larger  than  the  first,  the  tractive  effort  of  the  inner  track  has 

a  negative  effect.  This  means  that  the  direction  has  been  assumed 
incorrectly. 

Under  our  assumptions  it  is  really  directed  against  the  turning 
of  the  track  and  consequently  can  be  regarded  as  a  braking  force. 

5.  The  tractive  effort  P2  which  must  be  generated  by  the  engine 
is  greater  than  the  tractive  effort  required  for  the  tank  to  travel 
straight  ahead  so  that  for  this  reason  more  engine  power  is  re¬ 
quired  for  a  turn  than  for  straight  ahead  travel. 

6.  An  improvement  of  tank  maneuverability  can  be  achieved  by  a 

reduction  of  the  required  tractive  effort  and  braking  force  Pj 

which  essentially  involves  reducing  moment  Mc  as  we  see  in 
formula  (6);  at  the  same  weight  G,  this  is  stipulated  by  the  co¬ 
efficient  of  travel  resistance  and  of  track  length  L. 

Strictly  speaking,  the  usually  rectangular  course  of  pressure 
(Fig.  3)  to  be  determined  from  Mc  does  not  completely  corres¬ 
pond  to  reality.  Actually  the  line  of  load  is  usually  represented 
by  a  surface  which  is  terminated  below  by  a  wavy  curve  as  shown 
in  Fig.  4  where  the  pressure  peaks  are  located  under  the  road 
wheels . 
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The  pressure  curve  which  we  selected  by  derivation  from 
the  formula,  as  given  in  Fig.  4  by  a  dotted  line,  essentially 
represents  the  average  pressure. 

It  is  quite  understandable  that  it  makes  some  difference 
which  curve  is  selected  to  determine  the  resistance  moment 
against  turn. 

But  we  did  not  commit  a  large  error  because  the  resistance 
coefficient  against  turn  fi.  is  likewise  determined  from  the  for¬ 
mulas  which  we  derived.  Consequently  it  contains  the  improve¬ 
ment  which  is  necessary  in  order  that  the  moments  of  resistance 
be  equal  to  each  other. 

In  order  to  reduce  the  moment  of  resistance,  we  sometimes 
must  resort  to  the  measure  of  artificially  distributing  pressure 
in  a  non-uniform  manner:  the  pressure  on  the  ends  of  the  track 
support  surface  is  reduced  and  is  increased  in  the  center  of  the 
track. 

In  order  to  clarify  the  value  of  this  measure,  we  wish  to 
consider  how  the  value  of  the  moment  of  resistance  changes 
independent  of  moment  M  according  to  formula  (6)  when  mean 
pressure  is  represented  in  the  form  of  an  equal-sided  triangle 
(Fig.  7)  and  all  other  above-mentioned  preconditions  remain 
equal. 

The  result  of  each  triangle  of  specific  resistances  on  the 
track  then  is  ^  G/4  while  a  fourth  of  the  weight  is  imposed  on 
half  of  the  track.  The  point  at  which  this  resultant  force  is  applied 
lies  at  a  distance  of  L/6  from  the  base  of  the  triangle. 

Thus,  the  following  expression  contains  the  moment  of  resis¬ 
tance  against  turn  with  the  load  triangle: 


M.  =  2  2  •  =r  = 
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(8) 


If  we  compare  the  moment  of  resistance  of  this  formula  with 
the  moment  of  resistance  which  we  obtained  with  the  pressure 
rectangle,  we  find  that  it  is  one  and  one-half  times  smaller  than 
the  last  mentioned  one. 


Since  it  is  very  difficult  to  set  up  the  pressure  in  the  form 
of  a  triangle,  and  because  specific  pressure  will  sharply  increase 
in  the  center  of  the  track,  which  causes  a  reduction  of  tank  man¬ 
euverability,  in  reality  such  a  load  is  imposed  on  the  track  and 
suspension  for  the  purpose  of  reducing  M,  that  we  obtain  the  re¬ 
sult  shown  in  Fig.  6. 


In  this  case,  the  numerical  value  of  the  coefficient  will  lie 
in  the  numerator  of  the  resistance  moment  formula  between  4 
and  6. 

If  we  assume  that  the  coefficient  has  the  value  5,  then  we 
obtain  the  following  equations  for  the  moment  of  resistance  Mc 
and  the  tractive  efforts  P£  and  Pj: 
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As  we  see,  tank  mobility  improves  in  the  formation  of  trap¬ 
ezoids,  and  for  this  reason  it  seems  very  desirable  to  us  to  use 
this  kind  of  pressure  distribution. 


Figure  6.  Sketch  of  Mean  Pressure  in  the  Form  of  Two  Trapezoids 

We  wish  to  give  the  proper  direction  to  the  tractive  effort  of 
the  inner  track  Pj  (Fig.  7).  Then  after  performing  the  same  trans¬ 
formations  as  we  described  in  the  case  of  formula  (7a),  we  will 
arrive  at  the  following  equation: 

s  B  ftC  L  fC 
'  +B  2 

Later  on  we  will  also  utilize  this  expression  for  Pj. 


(10) 


If  we  write  the  moment  equation  with  regard  to  the  symmet¬ 
rical  center  point 

or,  since 

M  —  — — 

Me  ~4- 

then 


^.■1-^4- (ii) 


The  expression  in  the  left  part  of  the  formula  (11)  (P2+P1) 
B/2  will  be  designated  as  the  moment  of  turn  (yaw). 

Therefore,  such  an  expression  for  the  relationship  between 
the  forces  being  exerted  is  convenient  because  it  immediately 
shows  the  relationship  between  the  tractive  effort  of  the  outer 
track  and  the  inner  track  on  the  one  hand  and  the  moment  of  re¬ 
sistance  against  turn  oh  the  other  hand.  In  addition,  we  can  see 
from  Eq.  (11)  with  consideration  of  the  following  relation 

P,~  *z~  0 

that  P2  and  Pj  must  be  constant  values  with  a  uniform  turn. 


Figure  7.  Actual  Direction  of  the  Effects  of  Force  P^  During 

the  Turn  of  a  Tank 

If  one  of  these  forces  is  increased,  we  increase  the  turning 
moment  Mc  (yawing  moment)  as  opposed  to  the  moment  of  re¬ 
sistance  Mc  .  Consequently,  an  angular  acceleration  is  im¬ 
posed  on  the  tank;  it  will  turn  in  a  non-uniform  manner  and 
changes  will  occur  in  the  turning  radius. 
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b)  Influence  of  Centrifugal  Force  on  the  Preconditions  for 
a  Uniform  Tank  Turn  on  Level  Ground 


When  the  tank  turns  at  high  speed  and  with  a  small  radius, 
centrifugal  force  exerts  considerable  influence  on  turning  force. 


We  wish  to  take  up  in  more  detail  the  effect  of  centrifugal 
force  on  the  tank  when  the  tank  performs  a  uniform  turn  with  a 
definite  radius.  As  in  the  previous  case  we  will  assume  that  the 
projection  of  the  center  of  gravity  intersects  with  the  symmetrical 
axis  of  the  tracks'  support  surface. 


Figure  8  depicts  those  forces  being  exerted  on  the  tank;  cen¬ 
trifugal  force  CQ  is  exerted  at  the  center  of  gravity  and  proceeds 
outward  from  the  center  point  of  turn.  The  coefficients  of  centri¬ 
fugal  force  --  centrifugal  force  C  and  the  force  of  inertia  C'  -- 
can  be  determined  from  the  following  equations: 


(12) 


2 

m  =  the  mass  of  the  tank  in  kgs.  m. 

vc  =  the  speed  of  the  center  of  gravity  in  km/h  . 

R  =  the  turning  radius  of  the  outer  track  in  m. 

B  =  the  track  width  of  the  tank. 


It  is  clear  from  Fig.  8  that  the  vertical  projections  of  specific 
resistances  which  lie  to  the  right  are  larger  than  those  on  the  left 
side  and  that  the  sum  of  their  components  must  equal  force  C,  if 
we  wish  to  achieve  an  equilibrium  of  forces  which  act  on  the  tank 
in  transverse  direction. 


Figure  8. 


Actual  Direction  of  the  Effects  of  Force  when  the 
Tank  turns . 
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The  result  is  again  that  the  track  center  point  of  turn  lies 
grouped  to  the  right  of  the  transverse  axis  of  symmetry  at  a 
certain  distance  X. 


In  addition  to  the  shift  of  the  center  point  of  turn,  centrifugal 
force  will  effect  an  additional  regrouping  of  loads  on  the  tracks: 
the  total  load  G2  of  the  outer  track  will  be  larger  than  the  total 
load  G^  of  the  inner  track.  Accordingly,  the  specific  loads 
will  have  the  following  values: 


L 


and 


#l£». 
L  ’ 


In  addition,  the  forces  of  resistance  against  forward  move¬ 
ment  will  undergo  change  and  will  have  the  following  values: 


Ri  «■  fGi  Und 
Rt-^fGv 


We  wish  to  refer  to  the  fact  that  the  moment  of  resistance 
Mc  found  after  integration  in  the  right  side  of  the  equation  is  in 
no  way  related  to  the  changed  distribution  of  loads  on  the  tracks. 

We  will  set  up  an  equation  in  regard  to  the  equilibrium  of 
forces  and  apply  the  equation  with  reference  to  the  track  center 
point  of  turn  B: 


or  after  a  transformation: 


(P,  — 
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We  will  obtain  the  same  expression  for  this  moment  if,  with 
a  simple  derivation  of  the  mean  value  of  specific  resistance,  we 
substitute  ^tG/2L. 

By  transforming  equation  (b)  we  will  obtain  the  amount  of 
shift  in  the  center  point  of  turning: 

or 

Which  results  in 


2X  _  C_ 
L  fiG 


(13) 


or 


(13a) 


Now  we  wish  to  determine  the  normal  loads  of  the  tracks 
and  Gj  in  order  to  substitute  them  into  these  equations. 


Figure  9.  Effect  of  Centrifugal  Force  on  the  Tank  When  Turning 


If  we  derive  the  equation  for  the  equilibrium  of  forces  and 
the  equation  for  the  moments  with  regard  to  point  B  from  Fig.  9, 
we  obtain  the  values  for  the  normal  reactions  of  the  ground  on  the 
tracks  Q2  and  which  are  equal  to  each  other  in  accordance 

with  G2  and  Gj. 

We  have  the  following  equations: 

Q.+  &-G 

'  » 

in  which  h  is  the  height  of  the  center  of  gravity. 

When  we  solve  these  equations,  we  obtain 


and 
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(15a) 


To  be  able  to  judge  the  influence  of  centrifugal  force  on  Mc, 
P2  and  at  various  speeds  and  radii  of  turn,  reference  must 

be  made  to  Tables  2  and  3.  The  following  values  were  taken  as 
a  basis  in  the  compilation  of  the  tables:  f*  =  0.  5;  f  =  0.  06; 

L  =  3m  and  B  =  2m. 


Table  2 

Influence  of  Centrifugal  Force  on  Mc’  PZ  and  Pj  at  V£  =  10  k«/h 


K  (yl) 

c 

G 

c* 

G 

X(m) 

'-r-r? 

Me 

~5 

G 

”, 

G 

0 

0 

0 

0 

1 

0.375 

0.217 

0.157 

IS 

0.048 

0.0005 

0.00015 

0.144 

1 .0092 

0.3T8 

0.217 

0,157 

10 

a, 070 

0.0016 

0,00050 

0.210 

1,0(98 

0.382 

0.216 

0.156 

6 

0.109 

0.0071 

0.00230 

0.324 

1,0480 

0,393 

0.215 

0.148 

4 

0,146 

0j0209 

0.00700 

0.429 

1,0870 

0.409 

0,218 

0,137 

2 

0,1 96 

0,1051 

0.03500 

0.537 

Table  3 

1,1530 

0,432 

0,252 

0,087 

Influence  of  Centrifugal  Force  on  M 

?2  and  Pj  at 

=  20  km/h. 

C 

<s 

cr 

G 

x(r*) 

m 

Mc 

G 

5 

€S 

G 

'  . 

0 

0 

0 

0 

l 

0. 375 

0.217 

0,157 

40 

0.078 

0.0005 

0 

0.234 

l 

0,375 

0,210 

0,150 

30 

0. 102 

0. 0011 

C 

0,306 

1 

0,375 

0,205 

0,145 

20 

0.1.50 

0.0036 

0.0012 

0.450 

1.090 

0.408 

0.203 

0,139 

15 

0.192 

0,0078 

0.0027 

0,570 

1,144 

0.429 

0,200 

0,132 

10 

0.282 

0,0243 

0.00*7 

0.834 

1,318 

0,494 

0,181 

0,095 

6 

0.435 

0.1092 

0.0360 

1.254 

1.740 

0,652 

0,151 

-0,019 

4-8 

0,518 

0.2000 

0M  60 

1,470 

2,050 

0,768 

0,145 

—0,112 
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If  we  consider  the  tables  more  closely,  we  observe  the 
following: 

a)  If  the  turn  is  executed  at  a  low  speed,  the  influence  of 
centrifugal  force  is  expressed  by  an  increase  of  tractive  effort 

and  a  decrease  of  tractive  effort  Pj. 

This  change  is  particularly  noticeable  at  small  turning 
radii. 

b)  During  a  turn  at  high  speed,  centrifugal  force  causes 
tractive  efforts  P2  and  P^  to  decline,  whereby  tractive  effort 
Pj  ceases  from  a  certain  point  in  time  to  act  as  a  braking  force 
and  again  becomes  tractive  effort  generated  by  the  engine. 

If  we  substitute  values  X  from  Eq.  (13a)  into  Eqs.  (14)  and 
(14a),  we  obtain  the  following  equations: 


fC2  + 


-fG,+ 


fiG  L 

OL  1 

1 

1 

4  B 

TJTd  \ 

2  B 

2  R —  B 

piG  L 

C-  L 

/_L. 

.  !— 

48 

Tin  C 

\  2  B 

+  2R  —  i 

(16) 

(16a) 


From  these  equations  it  is  clear  that  Pj  is  also  reduced  with 
a  reduction  of  the  radius  of  turn.  On  the  other  hand,  P^  declines 
only  at  certain  values  of  R.  In  the  case  of  radii  approaching  the 
value  of  B,  P2  begins  to  increase  again. 

c)  Uniform  Turn  of  the  Tank  when  Traveling  on  Sloping 
Terrain 


In  order  to  obtain  a  clearer  picture  of  the  tank  during  turn  on 
sloping  terrain,  we  will  break  down  the  operation  into  time  seg¬ 
ments  : 

1.  First  we  wish  to  consider  those  forces  being  exerted  in  the 
point  in  time  when  the  center  line  of  the  tank  forms  the 
greatest  angle  with  the  horizontal  plane  (actual  climbing); 

2.  Then,  we  wish  to  consider  the  case  when  the  transverse 
axis  forms  the  largest  angle  with  the  horizontal  plane 
(traveling  on  an  incline  in  a  sloping  position). 
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Figure  10.  Illustration  of  the  Specific  Mean  Pressures  During 
a  Turn  on  Sloping  Terrain. 

3.  Finally,  we  wish  to  take  up  the  preconditions  in  the  inter¬ 
mediate  position  when  the  longitudinal  and  transverse  axis 
are  inclined  to  the  horizontal  plane. 

In  all  cases,  however,  we  will  neglect  the  influence  of  centri¬ 
fugal  force,  because  we  know  that  traveling  speed  on  a  sloping 
position  usually  is  not  very  great. 

When  traveling  on  sloping  terrain,  as  shown  in  Section  II 
"Stability",  the  pressure  center  point  shifts  by  the  amount  of 

x  =  h  tg  CX 

to  the  rear,  and  the  total  pressure  on  the  ground  becomes  G  cos  Of. 

As  a  result  of  the  shift  of  the  pressure  center  point,  we  obtain 
specific  ground  pressure  in  the  form  of  trapezoids  as  shown  in 
Fig.  10. 

The  surfaces  of  the  trapezoids,  which  lie  on  both  sides  of  the 
transverse  axis  through  the  center  of  the  tank,  do  not  correspond 
according  to  size. 


The  surfaces  of  the  trapezoids  which  lie  to  the  right  and 
left  of  the  track  passing  through  the  pressure  center  point  0 
are  likewise  unequal. 
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Consequently,  the  center  point  of  turn  of  the  track  will  be 
located  neither  at  point  Oj  or  O2  . 

Now  we  wish  to  determine  the  shift  of  the  center  point  of 
turn  x  according  to  the  equilibrium  of  forces  p  (the  resistance 
against  turn),  in  which  these  forces  are  located  to  the  right  and 
left  of  the  track  turning  center  point  0^. 

We  have  the  following  equation: 


\(P,  +  Kr>(y  +  #)«  4  0»,  +  /v)(4  “  4 


(a) 


If  we  express  px  by  p^  and  p£  by  p^,  we  obtain  the  following 
equation: 

ft  P»  ft  P» 

X  L 


From  this  we  obtain: 


or  in  another  form: 


From  which  we  obtain: 


2X*>,+  fr(L-ZX) 

- l - 


Pt—  Pc  _  Pq—  Pi 

—R - 

& 


(b) 


..  (2X+i)Pc-2yp>  (c) 

f  ** - z 

If  we  now  substitute  the  value  of  px  according  to  formulas 
(b)  and  (c)  into  this  formula  (a)  we  obtain,  after  transformation, 
the  following  equation: 


[a—  2  X)p,  +  (L  +  2  X)fi,](L+  2  X)  = 

»  [(L  +  2  X)  pt  +(i — 2  2)  Pol  (L  2  X) 


(d) 
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If  we  replace  the  values  pj  and  P2  by 
into  Eq.  (e),  we  obtain 


Po 


and  substitute 


Po  = 


_  P,  +  Pa. 


(e) 


On  the  other  hand,  we  obtain  the  following  equation  accord¬ 
ing  to  the  law  of  the  equation  of  static  moments  of  surfaces 
(see  Fig.  11): 

^trapezoid  ^rectangle  +  ^triangle 


or,  expressed  in  a  different  manner: 


(4  -  r)  L  Po  =  J  L  Pi  +  -J  ■  J  (Pi— 

(f) 

If  we  solve  Eqs.  (e)  and  (f)  together,  we  are 

able  to  determine 

the  following  equations  for  p^  and  p 

=  ft.(t  -  — ) 

(17) 

ft  =P.(' 

(17a) 

After  we  have  substituted  the  determined  expressions  for  p^ 
and  P2  into  the  formula  (d)  and  have  undertaken  the  necessary 
transformations,  we  obtain  finally: 


12  L 1  X—  ZzL2  =  0 

or:  ,,  , 

According  to  this  quadratic  equation  we  can  determine  the 
extent  of  the  shift  of  the  turning  center  point  x,  if  we  substitute 
the  value  of  the  shift  of  the  pressure  center  point  x  into  the 
equation  beforehand. 


tangle  and  a  Triangle. 


(18) 

(18a) 
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As  we  see  from  Eqs.  (18)  and  (18a),  the  shift  of  the  turning 
center  point  is  conditioned  by  the  shift  of  the  pressure  center 
point. 

It  should  be  mentioned  here  that  these  equations  are  only 
suitable  if  the  pressure  center  point  is  shifted  up  to  1/6  L; 
that  is  to  say  it  has  such  a  position  in  which  the  trapezoid  is 
converted  into  a  triangle  with  a  base  line  L.  With  a  further 
shift,  another  equation  will  have  to  be  considered  for  the  deter¬ 
mination  of  X,  and  other  conclusions  will  need  to  be  reached. 


We  now  wish  to  study  in  which  position  the  turning  center 
point  will  be  located  in  contrast  to  the  pressure  center  point.  For 
this  purpose  we  wish  to  use  Eq.  (18)  in  the  following  form: 


*  2 


X  ~  T~ 


(18b) 


If  we  substitute  the  values  X  equals  1/6L  and  less  into  this 
equation,  we  will  find  that  the  turning  center  point  within  the 
framework  of  the  trapezoid  will  be  further  removed  from  the 
various  values  of  specific  pressure  than  the  pressure  center 
point. 


Now  we  wish  to  determine  the  moment  Mc  of  resistance 
against  turn.  The  original  force  of  resistance  at  a  distance  of 
z  from  the  turning  center  point  (Fig.  10)  will  be 

A  pt  =  p  d  z 

From  this  the  moment  of  resistance  will  be  expressed  in  the 
following  form: 


o  o 


(a) 


We  now  wish  to  express  p  by  the  specific  average  resistance 
force  pD 


P,  —  P< 
L 


P*-P 


From  which  we  obtain 


^=(j-x  +  *)r>  +  (j+  x-$p> 
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If  we  substitute  the  expressions  from  formulas  (17)  and  (17a) 
for  pj  and  p£>  we  obtain  the  following  equation  of  p 


]  +  !2xX  12  x 


L2 


L2 


(b) 


The  specific  resistance  forces  p^,  P2  »  p  and  pQ  stand  in 
direct  relation  to  the  specific  pressure  values  and  are  equal  in 
accordance  with  jj-  andytigo>  but  since 


Si  +  Si  _  <Si  +  9i)L  C ccs  oc 
5  2  L  ~  L 


and  consequently 


(c) 

Po  2  L 

If  we  substitute  the  expressions  for  pQ  and  p  according 
to  the  formulas  (b)  and  (c)  into  formula  (a),  we  obtain  the  follow¬ 
ing  equation: 


f  uGeosoci 

J£**y 

J 

l1+  L* 

L2  ) 

jrdrq- 


r-4 


\2zX  12  x 


(d) 


After  integrating  and  simplifying  the  equation,  we  will  deter 
mine  the  moment  of  resistance  in  its  final  form: 


(19) 


This  equation  is  valid  only  for  the  case  in  which  the  shift  of 
the  pressure  center  point  is  not  greater  than  1/6  L,  i.e.  only 
until  the  trapezoid  is  changed  into  a  pressure  triangle. 

If  we  assume  that  h  -  -  the  height  of  the  center  of  gravity  -- 
equals  1/3  L,  we  will  determine  which  angle  of  gradient  this  cor¬ 
responds  to. 


At  a  uniform  speed,  we  have  the  following  equation: 


*  =  h  tg  or. 


from  which  results: 


tg  «  =  0,5, 
**6  27  •. 


Consequently,  when  determining  the  turn  on  slopes  we  can 
apply  formula  (19)  if  these  are  not  greater  than  27-30°. 

Sometimes  we  obtain  the  described  trapezoid  of  specific 
ground  load  in  the  plane  as  a  result  of  the  shift  of  the  center  of 
gravity. 


In  this  case,  the  formula  for  the  moment  of  resistance,  as 
is  clear  from  Fig.  12,  will  differ  from  formula  (19)  only  by  the 
fact  that  the  multiplier  cos  Of  is  missing.  Then  the  formula 
becomes: 


Me 


ft  C  L 


(20) 


(in  which  we  wish  to  calculate  the  member  in  parentheses  by  K). 


If  the  shift  of  the  pressure  center  point  and  the  shift  of  the 
turning  center  point  is  zero,  i.e.  if  both  center  points  lie  on  the 
axis  of  symmetry,  K  =  1  and  formula  (20)  will  have  the  following 
form: 


u  _  L 

MC - ■  • 


We  achieved  the  same  result  for  the  rectangle  of  pressure 
(Formula  6). 


Figure  12.  Trapezoidal  Form  of  Specific  Average  Pressure  when 
Turning  on  Level  Ground. 
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In  order  to  determine  tractive  efforts'  P2  and  Pj,  during 
a  turn  on  sloping  terrain  according  to  Fig.  13  we  wish  to  select 
equation  13  for  the  equilibrium  of  the  longitudinal  forces  and 
moments  in  regard  to  point  B  of  the  turning  center  point  on  the 
inner  track: 

(a) 

Pt — P, — — P,ffsin«  =  0 

,  „  .  _  „  .  B  u  G  L  cos  et  „ 

(Pt-  RJ  B-  = - £ -  K  »» 


in  which 


its* 


If  we  solve  Eqs.  (a)  and  (b),  we  will  obtain  the  following 
equations: 


= 


/  G  cos  at  ,  fiCLc  osar  „  ,  Csin« 
2  +  4-B  K' 


fC  cos*  ,  fiG  Lcosec  „ 

•  n  T  *  «  *»  l"~ 


2 

C  sinac 


4  8 


(21) 

(21a) 


In  order  now  to  determine  the  change  of  the  moment  of  re¬ 
sistance  in  relation  to  the  angle  of  inclination  and  to  be  able  to 
judge  the  influence  of  the  individual  coefficients  on  this  change, 
the  moments  of  resistance  at  various  angles  of  inclination  are 
presented  in  Table  4. 

This  table  has  been  compiled  as  follows:  A  certain  shift  of 
the  pressure  center  point  was  assumed,  an  angle  of  inclination 
determined  which  corresponded  to  the  assumed  shift  of  the  pres¬ 
sure  center  point  and  then  the  shift  of  the  turning  center  point  X 
was  determined  according  to  formula  (18a). 

The  determined  values  were  now  substituted  in  formula  (19); 
h  was  assumed  to  have  a  value  of  1/3  L. 


1 


From  Table  4  and  Fig.  14  it  is  clear  that  the  moment  of 
resistance  against  turn  declines  in  relation  to  the  reduction  of 
the  coefficient  K  and  of  cos  &  with  an  increase  of  the  angles 
of  inclination  and  logically  also  with  the  shift  of  the  pressure 
center  point. 


Table  4 

Moments  of  Resistance  at  Various  Angles  of  Inclination 

(first  time  segment) 


X 

L 

m 

B 

cot* 

K 

"c 

0,04 

r 

0.06 

0,993 

0,986 

0,978  *  ~ 

0,08 

13®  30' 

0,11 

0,972 

0,944 

CL 

0,917  »-r- 

0,12 

19*  43*' 

0,16 

0,942 

0,882 

CL 

„  0,831*  — 

0,16 

25°  30' 

0,20 

0.903 

0,760 

0,686  *  -  j* 

With  consideration  of  the  circumstance  that  the  coefficient 
K  is  only  related  to  the  shift  of  the  pressure  center  point  and 
with  the  turning  center  point  and  for  this  reason  was  determined 
according  to  the  type  of  the  pressure  sketch,  we  refer  to  the 
fact  that  the  change  of  coefficient  K  in  connection  with  x  and  X 
agrees  with  the  data  in  the  table  even  with  a  turn  on  level  terrain. 
The  moment  of  resistance  against  turn  in  this  case  will  also  de¬ 
cline  with  an  increase  of  x  and  X  related  to  the  reduction  of  K. 


Figure  14.  Dependence  of  the  Moment  of  Resistance  Mc  on  the 
Shift  of  the  Pressure  Center  Point  x  and  the  Turning 
Center  Point  X  as  well  as  the  Angle  of  Inclination  (X . 
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The  change  of  the  tractive  efforts  P2  and  Pj  in  connection 
with  the  angle  of  inclination  is  presented  in  Table  5  and  Fig.  15. 

For  the  purpose  of  setting  up  the  table,  the  following  values 
of  the  individual  members  of  the  formula  were  taken  as  a  basis: 

/=0,06;  0.5-^  =  1.45. 

The  angles  are  taken  as  a  basis  in  the  same  size  as  in  Table  4. 

It  is  clear  from  Table  5  and  Fig.  15  that  both  the  first  mem¬ 
bers  of  formulas  (21)  and  (21a)  decline  according  to  their  absolute 
size  while  the  last  member  of  these  formulas  becomes  larger. 

In  the  result,  the  tractive  effort  of  the  outer  track  Pz  in¬ 
creases  with  an  increase  of  the  angle  of  inclination,  but  less 
rapidly  than  the  angle  increases. 

On  the  other  hand,  the  tractive  effort  of  the  inner  track  in¬ 
creases  in  this  case  and  at  a  certain  angle  (between  13°  30'  and 
19°  45')  becomes  a  negative  value. 


Table  5. 

Changes  of  the  Tractive  Efforts  anc*  in  Relation  to  the 

Angle  of  Inclination  0<  (in  the  first  time  segment) 


a 

f  cot  <X 

fx  L  9c 

smoc 

'’l 

G 

a 

2 

sa 

2 

7“ 

0.0299 

0.177 

0.0610 

+•  0,268 

+  0,086 

1 3°  30’ 

0.0292 

0.166 

0.1 165 

+  0,312 

+  0,020 

19°  45' 

0,0282 

0.1  SO 

0,1690 

+  0.347 

—  0,0*7 

25* 30' 

0.0271 

0,125 

0,1250 

k  0,367 

—  0.U7 

With  consideration  of  the  assumed  force  P^  (against  move¬ 
ment),  we  conclude  that  at  slight  angles  of  inclination,  just  as  on 
level  ground,  the  inner  track  must  be  braked. 

At  greater  angles  of  inclination  tractive  effort  P^  becomes 
a  negative  value,  consequently  during  a  uniform  turn  it  would  be 
superfluous  to  brake  the  inner  track.  On  the  contrary,  driving 
force  must  be  directed  to  it  from  the  engine  in  order  to  direct  its 
tractive  effort  in  the  direction  of  travel. 
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Figure  15.  Change  of  Forces  and  P  ,  independent  of 

Inclination  OC 

Now  we  wish  to  consider  the  forces  being  exerted  during  turn 
on  a  given  slope  if  travel  is  to  be  continued  on  the  slope. 

From  Fig.  16  it  is  clear  that  in  this  case  an  additional  trans¬ 
verse  force  appears  besides  those  forces  already  known  to  us, 
namely  the  weight  components  G  sin  ^  which  causes  a  back¬ 
ward  shift  of  the  turning  center  point. 

The  total  load  of  the  ground  in  this  case  is  G  cos  ^8  .  Thus 
the  load  caused  by  each  track  is  different. 


Figure  16.  Forces  being  exerted  on  the  tank  and  an  illustration  of 
the  specific  ground  pressure  during  turn  on  a  slope. 


From  the  precondition  for  the  equilibrium  of  forces  and 
moments  according  to  Fig.  16,  we  will  determine  the  load  on 
the  side  of  the  inner  track  which  turns  out  to  be 

G,  "T  G  co*/?  +■  ~  G  s'm  p  (22) 

z  o 

and  on  the  outer  track 

G .=  —  GcosjS—  ■—  Gsinfl  (22a) 

1  2  a 

After  determining  the  equilibrium  of  the  transverse  forces, 
we  will  determine  the  shift  of  the  turning  center  point: 


and 


2.X  _  Gs inj?  _  tg/? 

L  ~  ftC  COS )}  ~  pL 


(23) 


(23a) 


By  comparing  formulas  (13)  and  (23)  we  conclude  that  the  ratio 
2x/L  of  each  arbitrary  transverse  force  will  always  equal  this 
transverse  force,  divided  by  the  product  of  the  coefficient  jX  and 
of  the  normal  components  of  ground  load. 

The  case  which  we  are  considering  which  concerns  the  effect 
of  forces  reminds  us  of  a  previously  described  case  in  which  we 
gave  closer  consideration  to  the  influence  of  centrifugal  force.  On 
this  occasion  we  determined  that  a  regrouping  of  the  loads  on  the 
tracks  had  no  influence  on  the  size  of  the  resistance  moment. 

If  we  take  this  into  account,  we  can  write  the  following  formula 
for  the  moment  of  resistance: 


Me  * 


+(¥)’] 


(24) 


According  to  Fig.  16,  we  now  turn  to  the  equation  of  the  equil¬ 
ibrium  of  longitudinally  directed  forces  and  the  equation  of  the 
moments  around  point  B: 


V-  p> 0 

(a) 

(b), 
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When  we  solve  these  equations,  after  transforming  the  follow¬ 
ing  formulas  for  the  tractive  effort  of  the  outer  and  inner  track, 
we  obtain: 


From  these  formulas  it  is  clear  that  the  moment  of  resistance 
Mc  is  increased  with  an  increase  of  the  angle  of  bank  fi  .  But  in 
addition  there  is  an  increase  in  the  turning  moment  by  the  power 
G  sin  fi  . 

Since  the  last-named  moment  increases  more  rapidly  than  the 
moment  of  resistance  Mc,  it  is  clear  that  the  forces  P£  and  Pj 
become  smaller  in  regard  to  their  absolute  value  (with  an  increase 
of  the  angle  of  gradient),  so  that  the  preconditions  for  the  turn  im¬ 
prove  for  this  reason. 

Table  6  and  Fig.  17  present  the  data  concerning  the  change  of 
the  moment  of  resistance  Mc  and  of  the  tractive  efforts  P£  and  Pj 
in  connection  with  the  angle  of  bank.  (The  angle  of  bank  or  inclina¬ 
tion  and  other  data  for  the  compilation  of  the  table  were  based  on 
those  values  used  in  Tables  4  and  5,  i.  e. 

f'0'06*  Z'-0*5- 

In  the  third  case,  when  the  tank  is  located  in  an  intermediate 
position  between  the  two  named  positions,  the  schematic  represent¬ 
ation  of  the  forces  being  exerted  is  given  in  Fig.  18  (turn  in  the 
direction  of  the  increased  sloping  position). 
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Table  6 

Mc,  P2  and  Pj  at  various  angle  of  inclination  (2nd  time  segment) 


p 

Mc 

e 

s 

\ 

7 

1.052^ 

0.195 

0.136 

13’ 30' 

GL 

U9V  — 

0.157 

0.099 

19°  35' 

MI7^ 

0.104 

0.047 

25*  30' 

‘,822 

0.030 

-0.010 

n 


Figure  17.  Relation  between  the  moment  Mc  and  the  tractive 
efforts  P2  and  Pj  on  the  one  hand,  and  the  angle 
of  bank  (angle  of  inclination  )  on  the  other  hand. 

In  this  case,  the  tank  is  going  uphill  and  simultaneously  is  in 
an  inclined  position.  The  transverse  force  G  sin  oi  ,  the  weight 
components  occur  because  of  the  tank's  sloping  position,  while  the 
longitudinally  directed  force  G  sin  A  occurs  because  the  tank  is 
climbing. 

There  exists  the  following  relation  between  the  angle  of  gradient 
and  the  respective  position,  i.e.  the  angle  (X  and  the  angle  of 
maximum  gradient  Oi  and  the  angle  of  inclination  fi  : 

Sir,3  «  «=■  sin1**,  4 


The  angles  Oi  ^  and  will  change  in  the  plane  of  travel  in 
relation  to  the  angle  of  tank  turn.  This  relation  is  expressed 
in  the  following  formula: 

Sin  or,  —  cm  91  sin  at. 
sinjJ*«S*n  y>  sin«. 
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The  longitudinal  components  of  weight  G  sin  OC  j  will  cause 
a  shift  of  the  pressure  center  point  and  thus  the  center  point  of 
turn  as  well.  The  shift  of  the  pressure  center  point  in  this  case 
will  be 

CM  qt 

The  transverse  components  will  cause  a  regrouping  of  pres¬ 
sure  on  the  track  and  in  addition,  as  in  an  exclusive  inclination 
(bank)  will  exert  an  influence  on  the  shift  of  the  center  point  of 
turn. 


Figure  18. 

The  pressure  will  be  exerted  on  the  tracks  in  the  following 
manner: 

on  the  outer  track: 

©,  -c(ico8«_Asin0)  (28) 

on  the  inner  track: 

Ct  we  G «w «+  •j-sin/j  (28a) 

We  will  determine  the  shift  of  the  center  point  of  turn  X 
according  to  the  equilibrium  of  the  transversely  directed  forces 
(Fig.  18): 

-jr  01* +  ^  (t  +  x)  +  T  +  ^  (4  +  x)  “ 

=  y  (fc  +  l£|  (y— *)+ y  I*  +,C)  [j~~X)  +  Csin^ 
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or 


(p; + * +P;+ pj (£  +  *)-  (a + * +■*+ iCi  (£-*)+ :  <a) 

In  which: 

p'  and  p'  are  the  specific  forces  of  resistance  against  turn  on 
the  ends  of  the  inner  track, 

p"  and  p"  are  the  specific  forces  of  resistance  against  turn  on 
the  ends  of  the  outer  track, 

p'  and  p"  are  the  specific  forces  of  resistance  in  the  resistance 

1  X  L  JC 

center  points  of  both  tracks. 

Here  the  following  equations  are  valid  according  to  the  for¬ 
mulas  which  we  derived  in  the  first  case  of  turn  on  upward  sloping 
terrain: 


v\  =  ?:  (1  +  ~) 

(1  +  T7  . 

,  (2X  + 

F*~  L 

(2X+L)p"-2Xp,‘ 


If  we  substitute  these  values  into  formula  (a),  we  obtain  the 
following  equation: 


+* 


U*X\ 

“  + 

L‘  1 

)  = 


ex  i2xX\  ,  „ 


(b) 


The  specific  mean  resistance  of  the  inner  and  outer  track 
'will  be  expressed  in  the  following  equations: 


«  •*  G+ 

P.  =pG.  =  M-j-  ■ 
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When  we  combine  these  equations,  we  obtain  the  following 
equation: 

*  *■  61  +<6*  c  t**  at  /  \ 

P.  4-  />.  =  P  ^  —  ■  P  —j—  (c) 

When  we  substitute  this  expression  into  the  formula  (b)  and 
undertake  a  transformation,  then  we  finally  obtain  the  following 
equation: 


According  to  this  equation,  assuming  that  we  know  the  shift 
of  the  pressure  center  point  x  and  the  inclination  and  angle  of 
slope,  we  can  determine  the  shift  of  the  center  point  of  turn  X. 

The  moment  of  resistance  against  turn  is  calculated  in  the 
following  manner: 

Mt  =  Wjt 

in  which: 

Mj  represents  the  resistance  moment  of  the  inner  track  and 
represents  the  resistance  moment  of  the  outer  track. 


2  *-y  a 

p'adi  +  /  p'*d*  +  J  p"*dt+  J  p"xd*. 


In  accordance  with  the  formulas  derived  with  inclination,  the 
following  applies: 

,  .  I,  12  zX  12*  \ 


,  .  I.  \2zX  12*  \ 

v  (i  +  -p - -jr*); 

•  W,  12  xX  12*  \ 


If  we  substitute  these  expressions  into  the  formula  (Or)  and 
combine  the  first  integral  with  the  third,  the  second  with  the 
fourth,  we  obtain: 
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•  »  u  G'.cas  of 

r.  *  r.  j—  ■ 


o 


After  integration,  we  obtain  an  equation  which  corresponds 
to  Eq.  (19): 


But  in  this  case,  X  and  x  are  determined  according  to  other 
formulas,  which  can  be  considered  common  for  turn  in  all  three 
cases. 

In  order  to  determine  tractive  efforts  P2  and  Pj,  we  will 
take  as  a  basis  the  equation  of  equilibrium  of  the  longitudinally 
directed  forces  and  moments  with  regard  to  point  B: 

Pj — P, — Rt — R,~G  sin«*  **0 . 

(P2  —  *i)8—  CamM^  +  CsmpX^^—p^1  K  -  Mc 


(a) 

(b) 


Here  K  is  the  member  in  parenthesis  (30). 

If  we  solve  equations  (a)  and  (b)  together,  we  obtain: 

(31) 

(31a) 


„  .  PC  L  cos«f„  ,  Gsin«,  XGtinfi 

P,  =  /C,+  -4B-  Jf+— ; 5 - g 

_  ,rpGL  cos  oc  G  sin «,  XG  sin  /? 

Pi  =  —  rc,  +■  —  k - j - 3 


In  order  to  determine  the  relationship  between  the  moment  of 
resistance  Mc  as  well  as  the  forces  P2  and  Pj  on  the  one  hand 
and  the  angle  of  slope  ©<  on  the  other  hand,  we  refer  to  Tables 
7  and  8. 

In  compiling  the  tables,  the  same  values  were  taken  as  a  basis 
for  the  individual  variables  as  those  in  Tables  4,  5  and  6,  namely: 

h  =  ^  IAS;  f=  0,06  and  p  -  0.5. 
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The  angle  of  turn  in  the  plane  of  travel  ^  was  assumed  to 
be  45°. 


When  we  consider  these  tables  and  Fig.  19,  it  is  clear  that 
the  moment  of  resistance  against  turn  Mc  is  increased  with 
each  increase  of  the  angle  of  slope  OC  mainly  due  to  the  shift  of 
the  turning  center  point  X  to  the  rear. 


Table  7. 

Moments  of  Resistance  Mc  and  Various  Angles  of  Inclination  Ot 

(third  time  segment) 


* 

X 

L 

Of 

T 

C6C<X 

K 

»c 

r 

0,0290 

0,120 

0,993 

1.017 

CL 

1.0!0/<~ 

13*  30' 

0,0565 

0.235 

0.972 

1,075 

19°  45' 

0,0845 

0,340 

0.942 

1,127 

1,07 0fi~ 

26*30' 

0.1  ISO 

0,400 

0.903 

1 

t,2f4- 

1 .098/f  ^ 

Figure  19.  Relationship  between  the  moment  of  resistance  Mc, 
the  value  of  the  shift  of  the  pressure  center  point  x  and  the  center 
point  of  turn  X  on  the  one  hand  and  the  angle  of  inclination  & 
during  a  turn  in  the  direction  of  the  increase  of  the  position  of 
slope  (bank). 

It  can  be  concluded  from  Fig.  20,  and  Table  8  that  the  tractive 
effort  P£  declines  with  an  increase  of  the  angle  of  inclination  oc  . 


Likewise,  but  much  more  rapidly,  the  force  is  reduced 

and  at  many  angles  (between  13°  30'  and  19°  45')  it  sinks  to 
zero. 

When  the  angle  is  increased  further,  it  obtains  a  negative 
value.  This  means  that  we  must  also  have  a  propulsive  force 
on  the  inner  track  during  turn  which  can  be  achieved  only  by  the 
propulsive  force  of  the  engine. 

At  this  juncture  we  wish  to  observe  the  tank  turning  in  the 
opposite  direction  when  traveling  upward  while  the  tank  is  tilted 
to  one  side. 


Table  8 

Tractive  Efforts  P£  and  P^  at  Various  Angles  of  Inclination  0< 

(third  time  segment) 


On  the  basis  of  conclusions  reached  earlier,  we  can  write 
the  following: 


r. 


uC  Lcotot  „  .  tJsinoi,  X  Gsinfl 

/C,+  AB  *+  2  B 

(32) 

zf.  ft  G  L  Cota  „  Gs\ neel  XCsin/f 
tCl  +  4B  K  2  B  1 

(32a) 

f  /2  /,  4  it  X  \  16  *  X 

*-['+(—  )J0  i.*)4  *  ■ 

(33) 

"L*  sin  B 

12  x  X1  -  2  L*  X  -  3  L1  x  + - -  =  0 

(34) 

ft  cos  oc 
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Figure  21.  Forces  being  exerted  on  the  tank  and  illustration  of  the 
specific  mean  ground  pressures  during  a  turn  in  the 
direction  of  inclination. 


Table  9  and  Fig.  22  give  the  relationship  between  Mc>  and 
Pj  on  the  one  hand  and  the  angle  of  inclination  &  on  the  other  hand. 

The  values  of  the  individual  sizes  are  the  same  as  in  the  pre¬ 
vious  cases. 


Table  9 


Tractive  Efforts  P2  and  at  Various  Angles  of  Inclination  Ot 
During  a  Turn  while  Traveling  Upward. 


9t 

r~r~ 
1  L 

X 

L 

1991 

*1 

G 

1  £  , 

a 

7* 

j  0,0290 

0,043 

0,234 

0.109 

13*30' 

0.05«5 

0,088 

19*45' 

0,084-5 

0,137 

0,204 

0.016 

25*30' 

[  0,1130 

0,1 95 

0,230 

|  0,332 

With  consideration  of  Table  9  and  Fig.  22,  we  observe  that 
the  moment  of  resistance  as  well  as  tractive  effort  P2  are  in¬ 
creased  in  this  case  when  angle  &  is  increased.  On  the  other 
hand,  tractive  effort  Pj  declines  when  angle  becomes  larger. 

In  order  to  determine  the  changes  Mc,  P2  and  P^  in  relation 
to  the  angle  of  turn,  a  graphic  representation  for  the  angle  (X  s 
19°  45'  is  given  in  drawing  23. 


Figure  22.  Change  of  Tractive  Efforts  P2  and  P^  dependent  on 
Slope  C*  during  a  Turn  while  Traveling  Uphill. 


Figure  23.  Change  of  the  moment  of  resistance  Mc  and  tractive 
efforts  P2  and  Pj  depending  on  the  angle  of  turn  . 

Here  P2  and  Pj  are  given  by  a  line  during  the  turn  of  a  tank 
traveling  downhill,  while  the  dotted  line  shows  the  forces  P£  and 
Pj  with  the  tank  traveling  uphill. 

Taking  into  account  the  circumstance  that  the  negative  force 
increases  the  propulsive  force  required  for  the  turn,  we  conclude 
when  studying  the  graphic  representation  that  the  most  difficult  pre¬ 
conditions  will  prevail  for  turning  while  traveling  uphill  in  the  first 
position,  i.e.  when  the  longitudinal  axis  of  the  tank  forms  the  lar¬ 
gest  angle  with  the  horizontal  plane. 

For  this  case  it  is  necessary  to  calculate  turning  when  travel¬ 
ing  uphill. 


d)  Turning  of  a  Tracked  Caterpillar  and  of  a  Trailer 

A  uniform  turn  of  a  non-steerable  trailer  can  be  performed 
only  with  a  definite  direction  and  with  a  certain  tractive  effort  on 
the  towing  hook  P^. 
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If  the  angle  between  the  longitudinal  axis  of  the  trailer  and 
force  P^.  is  smaller  than  is  necessary  in  the  most  extreme 
case,  the  trailer  will  not  execute  the  turn.  It  will  continue 
straight  ahead  regardless  of  the  effect  of  force  siny  which 
is  trying  to  turn  the  trailer. 


Figure  24.  The  Turn  of  a  Tracked  Trailer 


The  extent  of  tractive  effort  on  the  hook  and  the  angle  'y  are 
determined  according  to  the  equality  of  the  moments  of  force  P^ 
sin  y  opposite  point  0  (Fig.  24)  and  of  the  moment  of  resistance 
against  turn  Mc< 


(X  4.1)  JVrin  y  -  [l  +  f  (a ) 

The  following  equation  can  be  written  on  the  basis  of  formula 

(13): 

2  X  _  Pk  glny 
L  ~  ft  Gn  ' 

If  we  substitute  this  expression  into  formula  (a),  we  will  ob¬ 
tain  the  following  equation  after  transformation: 

P^sin1/  +  4  ft  0n~  Pkvn  y  —  ft*  —  0  .  (k) 

The  numerical  value  of  P^.  sin  “y  can  be  calculated  from 
this  equation,  it  is 

p*  *in  Y  =  b  Cn  [j/^r  +  1  ~  x]  (35) 
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On  the  other  hand,  assuming  that  the  trailer  moves  in  a  uni¬ 
form  manner  with  a  uniformity  of  the  longitudinally  directed  forces, 
we  will  have  to  deal  with  the  following  equation: 

Pk  cosy  =  R,  +  =  fC„  .  (36) 

If  we  divide  formula  (35)  by  formula  (36)  we  will  obtain  the 
expression  for  determining  the  size  of  angle  y  . 

'"-'jifh'-TV  (37) 

The  amount  of  force  is  determined  according  to  the  fol¬ 

lowing  formula: 


Pt  *»  /"(Asiny)*+  . 


or  from  the  formula  (36): 

p  fOn 
*  cosy 


(38) 


(38a) 


In  order  to  obtain  a  concept  of  the  values  of  the  angle  y  and 
of  the  force  P^,  we  will  now  calculate  these  amounts  numerically 
and  take  as  a  basis  the  following  numerical  values: 

L  =  2,0  m;  l=<  3,0  m ;  B—  1,8  m;  f*m  0,1;  ft  —  0,4. 

Using  these  data,  we  will  attempt  the  following  results: 
tg  y=  0,647;  y  =b  33*;  P*  =  0, 1 1 9  GB. 

If  we  assume  with  these  data  that  U-  =  0.  3,  then  we  obtain: 


tgy=  0.486; 

y  *26°; 

JPt  =0,1110,, 

As  these  examples  show,  the  angle  between  the  direction  of 
motion  and  the  longitudinal  axis  of  the  trailer,  with  which  a  uni¬ 
form  turning  is  possible,  is  rather  large. 

The  direction  of  motion  on  the  hook  P^,  which  is  necessary 
for  turning,  is  increased  only  slightly  in  comparison  to  the  force 
required  for  a  uniform  and  straight  ahead  travel. 

In  order  to  reduce  angle  y  and  force  P^,  it  is  necessary, 
as  is  clear  from  formulas  (35)  and  (37),  to  move  the  location  of 
the  hook  as  far  as  possible  from  the  trailer  axis. 
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Figure  25.  Turn  of  the  Trailer  When  Braking  the  Inner  Track 


If  the  inner  track  of  the  trailer  is  braked,  the  angle  y  is 
reduced  significantly. 

In  fact  (Fig.  25), 


{X  +  l )  Pfc-sin  y  +  fp, 


(a) 


in  which  Pt  signifies  braking  force. 

After  transformation  this  equation  assumes  the  following 
appearance: 


*»»*)'  +  "MG*  4-  P*siny  —  ^*G*  +  y-  ktpG\  =0  . 


(b) 


k^  is  the  braking  coefficient  which  equals  the  relative  value 
Pt  in  comparison  to  weight  Gn/2  which  is  lost  on  the  inner  track. 

According  to  this  equation  we  find: 


Pt  sin  y  =  p  G* 


1 


£  ti 

L  ft 


11 

L 


(39) 


In  addition, 

+  ■  (40) 

If  we  divide  the  two  last-named  equations  by  each  other,  we 
obtain: 


(41) 


in  which  d  represents  the  member  of  formula  (39)  in  brackets. 

If  we  utilize  the  same  numerical  values  as  in  the  former 
examples,  we  will  obtain  the  following  results  for  the  angle  y 
and  force  P: 

At 

A  *=  0.4-  Und  *r=0,15:  tg  y  =  0.245;  y*  14°;  />*«=  0180  <?„; 

At  =  and  *,=  0.1.r»:  tp  y=  0.181;  y=  10°  30'  and  P*  =  0.178  <7„. 


The  result  is  that  angle  y  is  significantly  decreased  even 
at  light  braking.  To  be  sure  the  required  tractive  effort  on  the 
hook  is  increased  somewhat  >by  braking  the  trailer. 

The  forces  which  are  exerted  on  the  towing  machine  (tractor) 
during  its  turn  together  with  the  trailer  are  represented  in  Fig.  26 
(we  will  neglect  the  influence  of  centrifugal  force). 

The  moment  of  resistance  against  turn  will  be  expressed  in 
the  same  manner  as  when  considering  the  influence: 


where 


is  the  total  resistance  of  the  trailer  on  the  towing  hook. 

The  equation  of  the  longitudinally  directed  forces  and  moments 
opposite  point  B  is  written  down  in  the  following  form: 


Pi  —  P,  —  f  Q  —  Rt  cos  y,  =  0 
B~  y  S—  *c  —  «n  y,  (*i  —  X)  =  0 


(a) 

(b) 


From  this  we  determine  the  expressions  for  tractive  efforts: 


* 


fG 


,  pGL 
2  t  4B 


K-ff] 


Pk  eo*  y, 


+  Rk  sin  y, 


h-x 

B 


!G  pG  L 
‘  2  +  4B 


14 


(42) 

(42a) 
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If  we  substitute  the  values  of  X  into  these  formulas,  we 
will,  after  transformation,  obtain  other  expressions  for  the 
tractive  efforts: 


fG  pGL  (Rj,  sin  y,)s  L  ,  Rtcasyt  ,  #fcSmy,f, 

‘  “  2  +  4-3  4^6  fi  *  2  S 

(43) 

n  /C  ,/iGL  (Rg  sin  y,)1/,  tffrtosjr, 

2  '  4fi  4 ft  G  B  2  B 

(43a) 

If  -y  1  =  0  (at  the  beginning  of  turn),  the  formulas 
the  following  form: 

will  have 

p  fG.nGLRg 

P*~2+4B  +  2 

(44) 

r>  f  G  .  ft  G  L  Rg 

2  +  4  3  2 

(44a) 

Figure  26. 

If  y  j  =  90°,  we  will  have  to  deal  with  the  following  formulas: 


fC  nG  L  R\L  Rth 
2  4  B  4/i  CB  B 

f  G  ft  G  L  Rk  L  Rg 
~T  +  Tb  zjttb  b 


(45) 

(45a) 
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If  we  give  closer  study  to  the  formulas  cited  here,  we  reach 
the  conclusion  that  tractive  effort  P£  is  smallest  when  the  angle 
y  j  =  0.  If  we  increase  the  angle  y  the  tractive  effort  will 
increase  up  to  a  certain  extreme  limit  and  then  decline  again 
when  the  sizes  of  the  angle  reach  almost  90°. 


Tractive  effort  can  turn  out  to  be  negative  values  at 

small  angles  y  ^ ;  it  can  be  generated  only  by  the  engine,  but  not 
by  braking. 

At  a  certain  angle  y Q  its  value  equals  zero  while  at  yj  it 
becomes  greater  than  y Q  already  at  braking  effort  and  will  in¬ 
crease  with  an  increase  of  y^. 

e)  Non-uniform  Turn  of  the  Tank 


Up  to  this  point  we  have  dealt  only  with  a  uniformly  executed 
turn  with  a  definite  uniform  radius  and  uniform  angular  velocity 
and  from  this  we  have  determined  the  necessary  tractive  efforts 
of  the  outer  and  inner  track  for  this  turn  under  varying  pre¬ 
conditions  . 

In  order  to  accomplish  such  a  turn,  the  tank  must  perform  the 
initial  part  of  the  turn  in  a  straight  line  in  which  it  travels  with  the 
required  angular  velocity  to  generate  turning  velocity  with  a  chang¬ 
ing  radius,  where  this  radius  changes  from  an  infinite  to  an  arbi¬ 
trarily  finite  value. 

In  order  to  generate  an  angular  acceleration  it  is  necessary 

that 

Mr>Mt 

in  order  that  the  moment  of  turn  Mp  (Formula  11)  be  larger  than 
the  moment  of  resistance. 


The  equation  of  turning  motion  will  assume  the  following  appear¬ 


ance: 


(P,+  PX)Z-MC~NV 


JQ  is  the  polar  moment  of  inertia  around  the  vertical  axis 
which  passes  through  the  center  point  of  turn,  and  the  angu¬ 

lar  velocity. 


I 


The  greater  the  sum  of  the  tractive  efforts  ?2  and  Pj, 
the  greater  will  be  the  angular  acceleration  "  and  the  more 
rapidly  the  tank  will  adapt  to  the  required  angular  velocity  at 
the  appropriate  radius. 

If  the  sum  of  tractive  efforts  P£  and  Pj  as  well  as  the 
moment  of  resistance  Mc  reach  constant  values,  the  result 
will  be  a  uniform  increase  of  angular  velocity. 

When  the  moment  of  resistance  in  relation  to  the  relative 
value  of  forces  P2  and  P^  exhibit  a  constant  value,  four 
characteristic  cases  of  a  non-uniform  turn  can  occur: 

1.  Uniform  movement  of  the  center  of  gravity  with  uniform  angu¬ 
lar  acceleration; 

2.  Uniformly  accelerated  movement  of  the  center  of  gravity  and 
uniformly  accelerated  turn; 

3.  Uniformly  delayed  movement  of  the  center  of  gravity  and  uni¬ 
formly  accelerated  turn; 

4.  Neither  the  angular  acceleration  of  the  tank  nor  acceleration 
of  the  center  of  gravity  can  be  constant  values. 

The  problem  of  studying  the  non-uniform  turn  involves  check¬ 
ing  the  type  of  the  turn  in  the  first  time  segment  and  to  determine 
the  ratio  of  forces  which  are  involved. 


Figure  27. 

Studying  the  non-unfcrm  turn  analytically  will  be  very  difficult 
because  the  mathematical  derivations  are  very  involved.  But  to 
study  the  type  of  non-uniform  turning  it  is  sufficient  to  study  the 
above-mentioned  four  cases  with  certain  allowances  so  as  to  check 
the  conclusions  as  to  what  influence  these  allowances  exert. 
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For  example,  we  always  wish  to  neglect  the  influence  of  cen¬ 
trifugal  force.  In  four  cases  of  turning  this  will  exert  no  notice¬ 
able  influence  not  even  on  the  final  derivations  of  the  study.  Con¬ 
sequently,  this  will  also  exert  no  influence  on  the  general  conclusions 
concerning  the  type  of  turning. 


1.  So  that  the  center  of  gravity  might  continue  its  uniform 
movement  (b  =  0)  and  in  order  that  the  velocity  which  prevailed 
before  the  turn  (vQ)  might  be  continued,  the  sum  of  the  forces 
being  exerted  on  the  tank  must  equal  zero. 

Consequently,  it  is  particularly  necessary  that 

Pt- />,  *,*0  (a) 

When  we  study  Eqs.  (46)  and  (a)  more  closely  we  will  recog¬ 
nize  that  in  this  case  the  difference  between  the  forces  Pj  and  P2 
must  be  constant  (we  are  assuming  that  the  resistances  R2  and  Rj 
are  constant  and  equal  to  each  other).  On  the  other  hand,  their 
sum  may  be  different  but  must  definitely  be  larger  than  2  Mc/B, 
but  must  not  change  during  the  turn.  By  solving  Eqs.  (46)  and  (a) 
we  obtain  the  following  formulas  for  the  tractive  effort  of  the  outer 
and  inner  track: 


and 


/C  tfG'L 
2*4  B 


+  »Z 
*  B 


_ (G-  ,  pQ  1+  M* 

2*433 


(47) 

(47a) 


If  we  compare  these  formulas  for  tractive  effort  P2  and  brak¬ 
ing  force  Pj  with  similar  formulas  which  we  have  obtained  for  a 
uniform  turn  without  considering  centrifugal  force  (Formulas  7  and 
10)  we  see  that  at  a  non-uniform  turn  P2  as  well  as  Pj  are  in¬ 
creased  by  the  same  value  of  M  tt  /B. 


In  order  now  to  study  the  type  of  turn,  we  must  investigate  the 
related  movements  between  the  individual  variables  which  charac¬ 
terize  the  turn. 


We  will  deal  with  the  following  variables:  The  turning  angle 
of  the  tank,  the  path  which  the  center  of  gravity  follows,  the  angular 
velocity  of  the  tank  and  the  radius  of  turn  at  the  appropriate  point 
in  time. 
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The  following  equations  are  available  to  us  for  determining 
these  values: 


vx  =  v0  cos  <p  ;  | 
v,  -  n„  sin  f ;  j 

In  this  case,  we  obtained  equation  (a)  from  formula  (46);  on 
the  other  hand,  equations  (b)  represent  the  projections  of  uniform 
speed  vQ  of  the  movement  of  the  center  of  gravity,  which  changes 
its  direction  simultaneously  with  the  turn  of  the  tank.  Angle  in 
these  equations  is  the  tank  angle  of  turn. 

If  we  write  equation  (a)  in  differential  form  and  integrate,  we 
obtain  the  formula  for  the  angular  velocity  independent  of  time. 

/dp'-/  Edt; 

<p'  =  to  = -E  <  -f-  cons  t. 

If  we  select  the  initial  moment  of  turn  (transition  from  straight 
ahead  travel  to  the  curve)  as  starting  point  for  the  calculation,  we 
obtain  the  final  formula  for  the  angular  velocity  of  tank  turn,  i.e. 

«=  E  t  (48) 

Likewise  by  means  of  integration,  we  obtain  the  turning  angle 
as  a  function  of  time  from  this  formula,  i.  e. 

d^=»  E  t  d  t 


(c) 

(49) 


(a) 

(b) 


If  we  substitute  this  formula  for  angle  Kp  into  the  equations  (b) 
and  quote  them  in  differential  form,  we  will  obtain  the  following 
equations: 


,  EttA+ 

dt»y  =  si  n  * 


(d) 


Unfortunately,  these  equations  cannot  be  integrated  so  that  we 
might  determine  the  equation  for  the  curve. 

Since  now  vQ  =  const,  we  obtain: 


*  =  v0t 


(50) 


According  to  this  formula  we  will  find  the  method  for  deter¬ 
mining  the  distance  the  center  of  gravity  will  cover  from  the  curve 
in  a  certain  time  interval. 


The  turning  radius,  dependent  on  time,  may  be  determined 
with  the  aid  of  formula  (c)  and  formula  (50),  i.  e.  : 


p  B  d*  v„ 
R  2  =  d*  “  ft 


Eqs.  (48),  (49),  (50)  and  (51)  which  are  related  to  each  other 
by  a  variable  size  t,  characterize  the  accelerated  turn  at  a  uni¬ 
form  speed  of  the  center  of  gravity. 


If  the  size  of  the  angle  is  known  around  which  the  tank  must 
execute  the  turn,  by  using  formula  (49)  we  can  determine  the 
interval  of  time  t  during  which  the  turn  is  executed: 


When  we  substitute  these  determined  times  into  formulas  (50), 
(48)  and  (51),  we  obtain: 

a)  the  path  traveled  over  by  the  center  point  of  inertia  during 
the  turn  of  the  tank  around  angle  y?  : 


b)  the  angular  velocity  which  is  achieved  at  the  end  of  the  turn: 

c)  the  turning  radius  during  this  point  of  time: 


Accordingly  we  can  determine  the  speeds  of  the  outer  and  inner 
tracks  vj  and  V£  according  to  formulas  (3)  and  (4). 

2.  The  center  of  gravity  will  shift  with  uniform  acceleration 
during  a  uniformly  accelerated  turn  of  the  tank  if  the  sum  of  the 
forces  being  exerted  on  the  tank  equals  zero. 
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Figure  28. 


The  equation  with  regard  to  the  equilibrium  of  forces  (Fig.  28) 
will  have  the  following  appearance: 

pt_  Pi— *,_*,  —  *«  (a) 

where  m  •  b  is  the  force  of  inertia. 

The  equations  of  equilibrium,  of  moments  and  of  turn  remain 
the  same  as  in  the  previous  case. 

If  we  solve  Eqs.  (46)  and  (a)  together,  we  obtain  the  formulas 
for  the  tractive  effort  of  the  outer  and  inner  track: 


1C  fiG  L 

*  T+-TS  +  a 

fC  nG  L>  iw& 

"-i'T+T T+  B  ~  2 


(52) 

(52a) 


From  these  formulas  we  will  see  that  in  this  case  the  tractive 
effort  P 2  increases  still  more  than  tractive  effort  P2  in  the 
previous  case,  while  braking  force  P^  declines. 

When  we  take  this  circumstance  into  account,  we  can  conclude 
that  it  can  equal  zero  under  certain  conditions  and  then  the  turn 
will  be  executed  without  braking  the  inner  track. 

In  accordance  with  the  previous  case,  we  will  determine  the 
formulas  for  the  values  which  give  us  the  type  of  accelerated  turn¬ 
ing  in  the  present  case. 


As  in  the  previous  case,  we  will  deal  with  the  same  formulas 
(48)  and  (49)  for  QJ  and  (p  : 


(53) 


and 


The  speed  of  the  shift  of  the  center  of  gravity  will  be: 

*  =  (53) 


Accordingly,  we  will  determine  the  following  formula  for  the 
path  traversed  by  the  center  point  of  inertia: 


From: 


V  +  TT 


d  H)A  l 

df*  E  td  I 


(54) 


we  obtain: 


d»  »,-4- h 1 

d$> "  Et 


(55) 


Assuming  we  know  the  value  of  angle  around  which  the  tank 
must  execute  its  turn,  we  can  determine  the  path  which  the  center 
of  gravity  must  traverse,  the  angular  velocity  and  the  turning  radius 
in  the  last  moment  of  turn  by  using  formulas  (49),  (53),  (48)  and  (55). 

According  to  a  definite  radius  R  up  to  which  the  non-uniform 
turn  is  performed,  we  can  also  determine  the  angle  of  turn,  the  path 
traversed  by  the  center  of  gravity  and  the  angular  velocity. 

Now  we  wish  to  determine  under  what  circumstances  a  turn  of 
the  tank  at  uniform  radius  is  possible  (if  the  forward  movement  of 
the  center  of  gravity  and  the  turn  of  the  tank  are  subject  to  the  same 
acceleration). 


In  this  case: 


or 


-FT* 


Since  now,  however, 


hi 


This  is  impossible,  however,  because  we  can  assume  the 
velocity  in  an  arbitrary  time  interval  of  the  earlier  one  as  initial 
velocity  vD  if,  depending  on  conditions,  the  center  of  gravity 
exhibited  a  velocity  which  was  not  equal  to  zero. 


Figure  29. 


Consequently,  under  these  preconditions  the  tank  does  not 
move  with  a  uniform  radius. 


3.  In  the  third  case,  if  the  center  of  gravity  moves  with  a 
uniform  lag  (Fig.  29),  the  equilibrium  of  forces  will  appear  as 
follows: 

Pt — ' P , —  if, —  if,  f  to •  i  =  o  (a) 


The  equilibrium  equation  of  forces  will  be  the  same  as  in  the 
previous  cases;  according  to  Formula  (46)  it  will  be  as  follows: 

(  Pi  •+  P\)  -jj —  Mc-=  M<p  ■ 

The  tractive  efforts  of  both  tracks  will  be  expressed  in  the 
following  formulas: 


fG  uCL  M*  mb 

J  ~  2  +  4  B  +  B  2 

(56) 

and: 

fC  uCL  M*  mb 

p'  T  +  T T  +  ~8  ~ 

(  56a) 

In  this  case  tractive  effort  P£  will  be  smaller  than  in  the 
previous  case  by  the  amount  m  •  b;  on  the  other  hand,  braking 
effort  will  increase  by  the  same  value.  Force  Pj  will  be  larger 
than  force  P£. 


If  we  substitute  this  expression  for  b  in  the  formula  for  the 
equilibrium  of  forces  (a),  we  obtain  the  ratio  of  the  forces  P2  and 
Pj  to  each  other  where  it  is  possible  to  maintain  the  speed  of  the 
outer  track  at  a  constant  value  equal  to  0. 
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4.  The  fourth  case:  when  the  throttle  valve  is  opened  during 
increasing  angular  velocity  and  acceleration  of  the  center  of 
gravity,  with  variable  values  of  tractive  efforts  P2  and  Pj 
(which  always  occurs  during  the  start  of  a  turn  with  the  brakes 
applied). 


It  is  very  difficult  to  set  up  an  exact  law  for  the  change  of 
forces  P2  and  P^  of  time  because  the  time  interval  for  applying 
the  brakes,  opening  the  throttle  valve  and  the  operating  efficiency 
when  braking  is  completely  dependent  on  the  tank  driver. 

In  our  conclusion,  which  is  necessary  only  to  comprehend  the 
phenomena  which  occur  at  the  moment  of  turning,  it  is  sufficient 
to  assume  braking  force  to  be  in  a  direct  ratio  to  time. 


Up  to  the  point  in  time  in  which  forces  P2  and  Pj  have  not 
reached  the  following  values: 


and 


P 05 

**«- 
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fC  ,  MCL 
J  +  48 


applying  the  brake  and  opening  the  throttle  valve  will  serve  no 
purpose;  the  tank  will  execute  no  turn.  The  turn  does  not  begin 
until  these  forces  (or  one  of  them)  become  larger  than  the  named 
values). 


We  will  assume  that  the  beginning  of  readings  will  be  the  point 
of  time  at  which  the  turn  begins,  and  that  the  tractive  effort  of  the 
outer  track  will  not  change  later  on. 

Then  the  equations  of  forces  and  moments  (Fig.  29)  will  take 
on  the  following  form: 

Pn  —  — T-  —  (  —  /?j+Wlfcs=»0 

and 

(Po +  M<  =  M 9 


or 


and 


P  t  _  r 


(b) 
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where  tQ  is  the  full  time  interval  for  applying  the  brake.  From 
this  we  obtain: 


(60) 

(61) 

If  we  integrate  these  equations  in  succession  we  obtain  in  the 
function  of  time  the  formulas  for  the  values  which  indicate  the  type 
of  movement: 


e  ■»  va 
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(62) 

(63) 

(64) 

(65) 

(66) 


The  method  of  determining  these  values  under  any  precondition 
remains  the  same  as  in  the  previous  cases. 


Figure  30. 


From  these  equations  it  is  evident  that  the  tank  will  execute 
the  turn  more  slowly  at  variable  braking  force  than  at  uniform 
braking  force. 

As  soon  as  the  brake  is  applied  and  force  Pj  achieves  a  uni¬ 
form  value,  the  type  of  turn  will  change  and  become  of  the  same 
type  as  was  described  in  the  third  case. 
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Now  we  wish  to  consider  the  influence  of  centrifugal  force 
on  accelerated  turning. 


Fig.  30  gives  a  schematic  representation  of  the  forces  being 
exerted.  The  shaded  area  represents  the  sum  of  reactions  from 
the  ground  by  means  of  which  centrifugal  force  C  is  again  equal¬ 
ized.  This  surface  will  also  change,  dependent  on  centrifugal  force. 
The  formula  for  this  opposing  moment  will  take  the  following  form: 


fiC  L  C* 

4  4  ft  G 


When  we  select  the  moments  of  forces  around  the  center  of 
gravity,  we  obtain  the  following  formula: 


(P*  + 


C*L 
4  fiG 


=  J, 


o<P 


(67) 


Comparing  this  equation  with  the  equation  for  the  turning 
motion  in  the  previous  cases  (46)  it  is  clear  that  the  left  part  of 
the  equation  is  increased  in  view  of  the  invariability  of  P£  and 
Pj,  the  constant  value  of  vQ,  a  shortening  of  the  turning  radius 
(i.  e.  an  increase  of  angular  velocity)  because  of  the  increase  of 
C^L/ 4yu.  G. 

This  illustrates  that  in  addition  angular  velocity  is  increased 
and  becomes  increasingly  larger  than  the  accelerations  to  which 
we  referred  when  considering  all  characteristic  cases  of  non- 
uniform  turns. 

This  means  that  the  turn  will  really  be  performed  somewhat 
more  rapidly  under  the  influence  of  centrifugal  force  than  was 
indicated  above. 


3.  Power  Efficiency  of  the  Engine  during  the  Turn 

a)  Power  equilibrium  of  the  tank  with  various  steering  gears. 


The  engine  power  efficiency  is  used  for  turning  the  tank  with¬ 
out  considering  the  circumstance;  the  steering  gear  is  installed 
in  the  tank  to  overcome  external  resistances  against  forward  move¬ 
ment  of  the  tank,  as  well  as  against  the  braking  of  the  inner  track. 

The  total  force  of  external  resistances,  at  the  same  size  ratios 
of  the  tank  and  at  the  same  turning  radius  and  turning  velocity, 
depends  only  on  the  properties  of  the  ground  on  which  the  turn  is 
executed. 
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Another  part  of  this  power  efficiency,  the  so-called  braking 
force,  at  the  same  preconditions  is  related  not  only  to  the  char¬ 
acteristics  of  the  ground  but  also  to  the  make  of  the  vehicle. 

We  now  wish  to  derive  the  formulas  for  engine  load  when 
turning  the  tank  using  various  types  of  steering  gears. 

As  already  mentioned,  when  deriving  the  exterior  forces  and 
moments  which  exert  their  influence  on  the  tank,  it  proved  true 
in  most  cases  that  the  tractive  effort  of  the  outer  track  was  di¬ 
rected  in  the  direction  of  travel. 

On  the  contrary,  the  tractive  effort  of  the  inner  track  was 
most  frequently  directed  opposite  the  direction  of  travel;  thus 
it  was  a  braking  force. 

Consequently,  a  tank  with  a  steering  coupling  will  almost 
always  execute  the  turn  with  the  steering  clutch  disengaged  and 
the  inner  drum  braked;  this  drum  is  coupled  to  the  drive  sprocket 
over  the  final  drive. 

If  we  consider  this  circumstance,  we  reach  the  conclusion 
that  the  total  power  efficiency  of  the  engine  is  exerted  on  the  outer 
track. 


The  tractive  effort  of  the  outer  track  which  is  necessary  for 
the  turn  is  P2  according  to  the  previous  derivations.  Conse¬ 
quently,  the  full  power  required  to  turn  a  tank  with  a  steering 
coupling  will  be: 


(68) 


V£  is  the  speed  of  the  outer  track  in  km/h. 

The  power  Nq  should  be  used  to  overcome  the  exterior  forces 
and  for  braking,  according  to  our  above  considerations. 

(69) 


It  is  completely  understandable  that  the  power  efficiency  which 
is  used  to  brake  the  inner  track  (braking  effort)  amounts  to 
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(70) 


with  a  tank  having  a  steering  coupling  in  which  vj  will  be  the  speed 
of  the  inner  track  in  km/h. 
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The  difference  of  the  drive  and  braking  force  will  of  course 
be  the  power  used  against  the  exterior  resistance 

N^Nv—Nr 

or 


P,  —  jP»  i 
270  7) 


PS 


(71) 


This  division  can  be  derived  directly  from  the  sum  of  resist¬ 
ances  being  exerted  against  forward  movement  and  the  moment 
of  resistance  against  turn. 

It  is  clear  that  the  power  efficiency  of  the  exterior  resistances 
in  the  case  of  such  a  derivation,  the  turn  being  executed  uniformly 
on  level  ground  without  the  influence  of  centrifugal  force,  will  be 
expressed  in  the  following  form: 


/V„  = 
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According  to  formula  (2)  we  have, 


or 


When  we  substitute  this  expression  for  angular  velocity  into 
the  formula  (a)  we  obtain  an  equation  of  the  following  form: 


#a 
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This  expression  corresponds  to  the  expression  for  the  power 
of  the  exterior  resistances  according  to  formula  (71)  because  the 
members  in  parenthesis  according  to  formulas  (7)  and  (7a)  repre¬ 
sent  nothing  more  than  the  values  of  forces  P£  and  Pj. 

If  the  tractive  effort  of  the  inner  track  exhibits  a  direction 
which  corresponds  to  the  direction  which  the  track  is  traveling, 
the  full  power  which  is  required  to  execute  a  turn  of  the  tank  will 
be  furnished  by  exterior  resistances  and  the  power  used  to  operate 
the  steering  clutch. 
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The  force  of  exterior  resistances  in  this  case  will  also  be 
expressed  by  formula  (71). 

In  view  of  the  negative  value  of  Pj,  the  second  member  in 
the  formula  is  not  subtracted  but  added. 

The  power  used  to  operate  the  steering  clutch  is  expressed 
in  the  following  equation: 


to!  PS 
270  r) 


(72) 


If  we  compile  this  power  efficiency  with  that  of  exterior  re¬ 
sistances  (Formula  71),  we  obtain  the  total  power  efficiency 
utilized  during  the  turn,  if  is  a  positive  value;  it  amounts  to: 

(73) 

The  propulsive  output  of  the  engine  Nq  used  to  turn  the  tank, 
if  the  tank  has  a  rotating  steering  gear,  becomes  just  as  great  as 
the  sum  of  the  power  conducted  to  the  rear  axle  shaft  wheels: 
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M,  is  the  turning  moment  on  the  left  rear  axle  shaft  wheel 
(Fig.  31)  in  mkg  which  is  directed  back  to  the  outer  track. 

is  the  turning  moment  on  the  right  rear  axle  shaft  wheel, 
in  mkg,  which  is  connected  to  the  inner  track. 

U>2  and  are  the  corresponding  angular  velocities  of  these 

gear  wheels  in  1/s. 

»j  1  is  the  coefficient  of  resistance  which  indicates  the  power 
loss  of  the  power  plant  parts  which  are  mounted  between  the  engine 
and  the  rear  axle  shaft  wheels. 


Figure  31.  Turning  moments  and  rotational  velocities  when  turning 
the  tank  equipped  with  a  differential. 
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The  moments  are  manifest  on  the  rear  axle  shaft  wheels 
during  a  uniform  turn  of  the  tank  equipped  with  a  rotating  steer¬ 
ing  gear: 

M2  ~  M  j 

For  this  reason  Formula  (a)  can  be  written  inithe  following 
form: 


No  (b) 

We  wish  to  express  turning  moment  M2  by  tractive  effort 
p2  and  angular  velocities  OJ  ^  and  2  by  the  speeds  of  the 
tracks  V2  and  v^.  Then  we  obtain  the  following  equation: 


to%  =  uikt  i 


Jii 

3,6  r 


w, 


=  °V  = 


", » 

3,5  r  ' 


In  these  formulas: 

r  =  the  radius  of  the  drive  sprocket  in  m. 
i  =  the  gear  ratio  of  the  final  drive. 

"=  the  coefficient  indicating  the  power  loss  in  the  final  drive 
and  in  the  track. 


If  we  substitute  these  values  for  M2,  ^  2  and  ^1  into  for¬ 
mula  (b),  and  perform  the  necessary  transformations ,  we  obtain 
finally: 


±*i> 

270  y 


Since  now  the  product  Y['  indicates  all  losses,  it  is  thus 

equal  to  >|  . 


Formula  (74)  can  also  be  written  in  the  following  form: 

2  Pavt 


A, 


270  >1 


(74a) 


in  which 


»i  + 


is  the  speed  of  the  longitudinal  axis. 


In  this  case,  braking  force  is  determined  in  the  following  man¬ 


ner: 


f/r  =  JZi.  (m  + 

75m'  iM"J 


(c) 
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Mr  =  the  moment  on  the  brake  drum  in  mkg, 

=  the  moment  on  the  drive  sprocket  in  mkg. 

For  Mj,  and  ^  2  we  have  the  following  formulas: 

**,«*,«  4^' 

**? 

Mtl  *  P,  r 
*»!  » 

*“l  “  3,6  r 


If  we  substitute  these  expressions  into  formula  (c),  we  obtain 
after  transformations: 


fj  _  Pi>  vi 

JSt  270  rj 


(75) 


The  force  of  exterior  resistance  in  the  case  of  a  tank  equipped 
with  a  rotating  steering  gear  will  be  just  as  great  as  if  the  tank 
were  equipped  with  a  steering  coupling  (71): 


Formulas  (74),  (75)  and  (71)  apply  to  the  case  that  force  Pj 
is  directed  in  the  direction  the  track  is  traveling.  In  this  case,  it 
will  only  exhibit  a  negative  value. 


With  a  double  differential  we  are  dealing  with  the  following 
equations  for  movement: 


«*,«=(! — «*)  w0  4-  K  wi'- 
»,-=(!  +  »’*)  u>,  —  •»  «*»; 

which  results  in: 

In  these  equations: 


OJ  i  =  the  angular  velocity  of  the  right  rear  axle  shaft  which 
is  coupled  to  the  inner  track. 

O)  2  ~  angular  velocity  of  the  left  rear  axle  shaft,  coupled  with 
the  outer  track. 

OJ  0  =  angular  velocity  of  the  differential  housing. 


*»«• 


A]  B\ 

4,  ’ 
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where  A3  and  are  the  radii  of  the  right  brake  and  rear  axle 
shaft  wheel. 

B2  and  Bj  are  the  radii  of  the  large  and  small  transmission 
wheels . 


Figure  32.  Schematic  representation  of  the  double  differential 
gear  (Clectrac). 

The  engine  power  required  to  execute  a  turn  of  the  tank  having 
a  double  differential  gear  is: 


ai  _  (vj) 

D~  75  if  “  3  75y 


(a) 


Mq  is  the  turning  moment  in  mkg  directed  to  the  differential 
gear. 

According  to  the  conditions  of  equilibrium  in  the  differential 
gear  we  have  the  following  equation: 


Afj 


(b) 


In  which: 

M2  =  the  moment  on  the  left  rear  axle  shaft, 
Mj  =  the  moment  on  the  right  rear  axle  shaft, 
M3  =  braking  moment. 
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In  addition,  we  obtain  the  following  equation  according  to  the 
conditions  of  equilibrium: 

U,  g,  M,  B, 


The  result  is: 


=  Afj  ■ 


-  f  Fl  | 


B>  I, 


(c) 


If  we  replace  in  formula  (b)  by  the  expression  obtained 

from  formula  (c),  we  will  obtain  the  following  equation: 

A*»=  Afjffl  +  M ,(!-/,>  .  .  (76) 


If  we  substitute  the  expression  obtained  for  Mq  into  formula 
(a)  and  substitute  their  values  according  to  the  above  equations 
instead  of  M2,  Mj,  0)2,  ttlj;  after  transformations  we  obtain  the 
formula  for  propulsive  output  in  the  final  form: 


We  can  also  write  this  equation  in  another  form: 


(77) 


Nd  *  ^  +  '  (77a) 

The  power  efficiency  of  the  exterior  resistances,  just  as  in 
the  case  of  other  steering  gears,  will  be  expressed  in  the  follow¬ 
ing  equation: 

u  p***~  p>v> 

*  270 , 

Braking  force  in  the  case  of  adouble  differential  gear  will  be 
expressed  in  the  following  equation: 

Nt  ~  N d  ^0  •=  — -  [(v,  ■+  +  *1  *»)  (78) 


The  tank  with  the  double  differential  gear  will  then  be  able  to 
execute  the  turn  with  the  smallest  possible  radius,  if  the  brake 
drum  is  firmly  applied.  Since  in  this  case  CO 3  =  0,  we  obtain  the 
following  equation  for  the  movement  of  the  double  differential  gear 
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*Ji  _  1  ■+  it 
*“i  ~  •  — 


On  the  other  hand,  we  have  the  following  equation: 


U>..  _  vi  _  Rrmn 
tt>,  &mi in —  ® 


Accordingly,  we  obtain: 


I  +  ’  a  __  Awtti 
I  —  >'•  Rm'tn  —  B 


If  we  study  formula  (77a)  more  closely,  we  will  come  to  the 
conclusion  that  the  full  power  efficiency  when  turning  with  a 
double  differential  gear  will  be  smaller,  the  smaller  the  gear 
ratio  iQ. 

On  the  other  hand,  it  is  clear  from  formula  (79)  that  the 
smallest  possible  turning  radius  Rm-[n  will  be  larger  with  the 
reduction  of  iQ. 

We  wish  to  refer  to  the  fact  that  in  the  case  of  iQ  =  1,  the 
formula  (77)  of  power  efficiency  Nj)  will  have  the  same  appear¬ 
ance  as  formula  (74)  which  was  derived  for  the  determination  of 
the  full  power  efficiency  for  a  turn  with  a  simple  differential  gear. 
The  smallest  radius  in  this  case  will  be  as  large  as  the  track  width. 

In  the  case  of  tracked  vehicles,  the  smallest  turning  diameter 
Rmin  is  usually  2  B.  This  value  of  Rm^n  is  determined  from  the 
same  idea  that  when  Rm^n  is  smaller  than  2  B,  the  power  re¬ 
quired  for  the  turn  is  much  greater,  whereas  when  R  -  is 

min 

larger  than  2  B,  maneuverability  already  declines  significantly. 


If  we  assume  that  Rm^n  =  2  B,  and  substitute  this  in  for¬ 


mula  (79)  we  will  find  that  iQ  =  1/3. 


If  we  substitute  this  value  iQ  into  formula  (79)  we  will  thus 
obtain  the  value  of  Nj^  for  the  appropriate  Rmin;  from  now  on 
this  value  will  be  used  in  further  derivations: 


"—■rSi7 


1  +  q. 


(2  P., —  P,). 


(80a) 
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Since  the  speed  of  the  outer  track  at  the  same  engine 
rotational  speed  for  tanks  with  steering  couplings  equals  vq  the 
average  speed  for  single  and  double  differential  gears,  according 
to  the  formulas  for  the  propulsion  force  (68)  and  (74a),  we  can 
conclude  immediately  that  with  the  same  preconditions  only  half 
the  power  efficiency  is  needed  for  tanks  with  steering  couplings 
than  for  tanks  with  single  differential  gears. 


Also  according  to  formulas  (68),  (74a)  and  (80),  we  notice  by 
a  comparison  that,  considering  P ^  almost  equals  P^,  the  neces¬ 
sary  power  efficiency  for  turning  will  be  smaller  for  double  differ¬ 
ential  gears  as  well  as  for  steering  couplings  than  will  be  the  case 
for  a  tank  equipped  with  a  simple  differential  gear. 


In  order  to  be  able  to  compare  the  power  required  with  a 
uniform  turn  at  various  radii  on  level  ground  without  considering 
centrifugal  force,  Tables  10,  11  and  12  present  data  for  tanks  with 
various  steering  gears. 


In  compiling  these  tables,  the  rotational  speeds  of  the  engine 
were  equal  in  all  cases;  the  rotational  speeds  were  uniform  and 
correspondingly  the  maximum  power  efficiency  was  assumed: 


Data  for  the  tank  and  ground: 

Weight  of  the  tank 

Speed  in  straight  ahead  travel 

Track  length 

Track  width 


G  =  10,  000  kg 
v  =  10  km/h 
L  =  2.8  m 
B  =  2.0  m 


Centrifugal  force  is  assumed  to  be  0.  /J=»0,07;  ^*r0,05;  ij  —  0,75. 

In  the  first  columns  of  these  tables  the  power  is  calculated 
which  is  required  for  a  tank  traveling  straight  ahead. 


Table  10. 

Power  Distribution  in  Tank  Turning  Equipped  with  a  Steering  Coup¬ 
ling.  _ . 
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Table  11. 


Power  Distribution  when  Turning  a  Tank  with  Simple  Differential 
Gear. 
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Table  12. 

Power  Distribution  when  Turning  a  Tank  with  a  Double  Differential 
Gear 
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From  these  tables  it  is  clear  that  the  propulsive  power  in  the 
case  of  all  steering  gears  which  is  needed  to  turn  the  tank  (without 
considering  centrifugal  force  and  at  a  constant  value  of  j*)  is  not 
related  to  the  turning  radius  but  remains  constant. 


In  order  to  turn  a  tank  equipped  with  a  simple  differential  gear 
we  need  greater  propulsive  power  than  for  tanks  with  a  double 
differential  gear  and  steering  coupling.  A  tank  equipped  with  a 
double  differential  gear  requires  the  least  propulsive  power  in 
order  to  turn. 

The  force  of  exterior  resistances  and  braking  force  change 
with  the  change  of  the  turning  radius. 
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The  force  of  exterior  resistances  is  increased  with  a  decrease 
of  the  turning  diameter  in  the  case  of  all  steering  gears.  In  con¬ 
trast  to  this,  braking  force  is  decreased  with  a  decrease  of  the 
radius  and  will  have  a  value  of  zero  at  the  possible  minimum  value 
of  the  turn. 

From  the  power  diagram  (Fig.  33)  which  was  drawn  according 
to  the  data  in  the  tables,  it  is  clear  that  the  most  rapid  change  in 
the  force  of  exterior  resistances  and  braking  power  occurs  at 
small  turning  radii.  In  addition,  the  force  of  exterior  resistance 
is  somewhat  smaller  when  a  tank  equipped  with  steering  gears  is 
turned  than  when  a  tank  with  differential  gears  is  turned.  This  is 
due  to  the  fact  that  a  tank  with  a  differential  gear  executes  the  turn 
more  rapidly  than  a  tank  with  a  steering  coupling. 

To  increase  the  required  power  NQ  in  the  case  of  a  tank  with 
a  simple  differential  gear,  braking  force  makes  a  great  contribution 
in  comparison  with  the  other  steering  gears. 

All  these  data  make  it  clear  that  the  simple  differential  gear 
used  as  a  steering  gear  is  almost  unsuitable.  Because  of  its  rela¬ 
tive  simplicity  it  can  perhaps  be  used  in  exceptional  cases  on  par¬ 
ticularly  light  tanks  if  these  tanks  have  only  a  slight  value  ratio 
L/B  and  a  large  power  reserve  in  the  engine. 

Even  if  the  double  planetary  gear  showed  somewhat  better 
results  in  regard  to  power  losses  than  the  steering  coupling,  it  is 
still  much  more  complex  and  much  more  expensive  than  steering 
clutches.  Therefore  it  cannot  be  used  in  tanks  because  it  reduces 
the  maneuverability  of  the  tank  in  comparison  with  the  steering 
clutches  (Rmin  greater  than  B). 

For  this  reason  in  recent  times  steering  clutches  have  found 
preferential  use  in  tanks  and  towing  vehicles. 

b)  Relationship  between  power  during  a  uniform  turn,  coef¬ 
ficients  /  and  /t  and  the  turning  radius  R  (without  con¬ 
sidering  the  influence  of  centrifugal  force). 

In  the  formulas  for  power  loss  with  various  steering  gears, 
we  wish  to  replace  tractive  efforts  P2  and  Pj  by  their  values 
according  to  formulas  (7)  and  (10)  and  to  replace  their  velocities 
V2  and  vj  according  to  these  formulas  by  constant  speeds  vQ  in 
the  case  of  rotating  steering  gears  and  v2  in  the  case  of  steering 
couplings. 
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Figure  33.  Power  Diagram  for  Various  Steering  Gear  Designs. 


Then,  after  the  appropriate  transformations,  we  obtain  the 
following  equations: 


a)  For  steering  clutches: 


He 


Na 


4  ^4) 

4  S' 


Gvi 
270  l  2 

j? 
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£*4 
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o  1  |>  2  /?'  +  4 

i,  '  /?  >  \  2  T  4  eJ 


(81) 

(82) 

(83) 


b)  For  the  simple  differential  gear: 
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c)  For  the  double  differential  gear  at  Rm^n 
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From  these  equations  it  is  clear  that  the  propulsion  force 
and  the  force  of  exterior  resistances  will  increase  in  all  cases 
with  an  increase  of  coefficients  f  and p.  and  that  in  the  case  of  a 
tank  with  a  differential  gear,  braking  force  is  in  no  way  related 
to  coefficient  f . 

On  the  other  hand,  braking  efficiency  declines  in  the  case  of 
a  tank  with  steering  clutches  if  the  value  of  f  increases. 

The  braking  efficiency  of  all  steering  gears  will  increase  with 
an  increase  of  coefficient  y  . 

From  these  formulas  it  is  also  possible  to  detect  the  relation¬ 
ship  between  power  loss  and  turning  radius  R.  This  relationship 
was  already  dealt  with  earlier  and  is  presented  in  the  diagrams 
(Fig.  33). 

We  now  wish  to  write  down  formula  (82)  in  the  following  form: 


N  .  Gv2  nL-2  8  l 

270*j  270 1,  4  If 


(90) 


With  a  closer  consideration  we  recognize  that  the  curve  of  the 
relationship  between  the  force  of  exterior  resistances  and  the  turn 
ing  radius  (Fig.  33)  represents  a  hyperbola,  the  asymptotes  of 
which  stand  at  a  distance  of  fGwz/  270>i  (power  in  straight  ahead 
travel)  from  the  ordinate  axis  and  the  abscissa  axis. 


We  now  wish  to  transform  this  formula  (83)  in  the  following  man¬ 


ner: 


(91) 


We  also  see  from  this  formula  that  the  curve  of  dependence  on 
braking  efficiency  and  turning  radius  is  likewise  a  hyperbola.  Its 
asymptotes  are  formed  by  the  ordinate  axis  (in  the  direction  of  the 
negative  signs)  and  by  the  line  which  goes  straight  to  the  abscissa 
axis  (in  the  positive  direction)  at  a  distance  of  Pj  v2/270>j 

We  will  likewise  determine  that  the  curves  of  dependence  on  the 
force  of  exterior  resistances  and  braking  force  on  the  one  hand,  and 
R  on  the  other  hand  is  a  hyperbola  in  the  case  of  tanks  with  differen¬ 
tial  gears. 
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c)  Influence  of  Centrifugal  Force  on  Power  Consumption 
during  a  Uniform  Turn. 


In  order  to  gain  a  concept  of  the  influence  of  centrifugal  force 
on  power  consumption  when  a  tank  equipped  with  steering  clutches 
is  turned,  Tables  13  and  14  present  a  compilation  of  the  results  of 
calculations  presented  in  formulas  (68),  (70)  and  (71);  they  give 
the  power  consumption  of  tanks  with  steering  clutches. 


For  the  purpose  of  considering  centrifugal  force,  the  following 
values  of  P£  and  Pj  were  substituted  into  these  formulas  (accord¬ 
ing  to  formulas  (16)  and  (16a)  and  C'  =  0.  ) 
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where  the  following  equations  exist  according  to  formulas  (15),  (15a) 
and  (12): 
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The  following  basic  values  have  been 
the  ground: 

selected  for  the  tank  and 

Weight  of  the  tank 

G  =  10, 000  kg 

Speed 

v  =  10-20  kg/h 

Length  of  the  track  support  surfaces 

L  =  3.0  m 

Track  width 

B  =  2.0  m 

Height  of  the  center  of  gravity 

h  =  1.  00  m 

f=  0.  06;  H  =  0.  5; 

=  0.75. 
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Table  13. 


Compensation  of  power  efficiency  during  a  uniform  turn  of  the 
tank  with  steering  clutches  and  with  consideration  of  centrifugal 
force  (v  =  10  km/h). 
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Table  14. 


Compensation  of  power  efficiency  during  a  uniform  turn  of  the 
tank  with  steering  clutches  and  with  consideration  of  centrifugal 
force  (v  =  20  km/h). 
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Power  efficiency  during  slip. 


From  Tables  13  and  14  as  well  as  Fig.  34,  it  is  clear  that 
centrifugal  force  exerts  no  influence  whatever  on  power  consump¬ 
tion  if  traveling  speed  is  low  (up  to  4  km/h)  and  the  turning  radius 
is  more  than  4  m. 


As  soon  as  traveling  speed  is  increased  to  above  10  km/h,  the 
influence  of  centrifugal  force  on  power  consumption  becomes  notice¬ 
able.  Initially  it  is  noticeable  by  a  reduction  of  power  efficiency  of 
20%  as  well  as  in  the  rapid  increase  of  turning  radii. 
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If  we  compare  Figs.  33  and  34,  it  becomes  clear  that  the 
power  efficiency  of  the  exterior  forces  is  somewhat  greater  (if 
centrifugal  force  is  taken  into  account)  while  on  the  other  hand, 
braking  force  is  somewhat  less  than  the  power  efficiency  achieved 
without  taking  centrifugal  force  into  account. 


Figure  34.  Equalization  of  Force  with  Consideration  of  Centrifugal 

Force. 


Since  the  change  of  power  efficiency  as  a  result  of  centrifugal 
force  is  relatively  insignificant,  it  can  be  neglected  in  approximate 
calculations,  all  the  more  as  the  power  loss  amounting  to  20%  is 
equalized  completely. 

d)  Force  requirement  during  a  uniform  turn  when  climbing 
uphill. 

The  power  required  to  execute  a  turn  on  inclined  terrain  is 
given  by  formulas  with  which  we  are  already  familiar. 


In  the  case  of  tanks  with  steering  clutches,  it  is  given  in  for¬ 
mulas  (68),  (70)  and  (71). 

The  values  of  P£  and  Pj  must  be  selected  at  various  positions 
of  the  tank  on  sloping  terrain  according  to  formulas  (21),  (21a), 
(25),  (25a),  (31)  and  (31a). 
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In  order  to  be  able  to  make  a  comparison  of  the  power  con¬ 
sumption  for  turning  a  tank  with  steering  clutches  on  upward 
sloping  terrain  at  various  positions  of  the  tank,  Table  15  has  been 
set  up  which  is  a  compilation  of  the  data  given  in  Tables  5,  6  and 
8. 


The  following  basic  data  were  assumed  for  the  tank  and  the 
ground  when  the  table  was  compiled: 

Weight .  G  =  10,  000  kg 

Speed  .  v  =  10  km/h 

The  relationship  between 

the  support  surface  of  the 

track  and  track  width .  L/B  =  1.45 

f  =  0.  06;  p  =  0.5;  >)  =  0.  05 


Table  15. 

Power  consumption  during  the  uniform  turn  of  a  tank  on  upward 
sloping  terrain. 
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Table  15  gives  the  power  efficiency  values  designated  with 
asterisks  in  the  braking  force  column;  these  values  are  required 
during  "slip"  of  the  steering  clutches. 

These  values  correspond  to  the  values  of  Pj  which  are  pro¬ 
vided  with  a  minus  sign  in  Tables  5,  6  and  8.  The  power  effi¬ 
ciencies  during  "slip"  which  are  designated  by  asterisks  were 
calculated  according  to  formula  (72).  The  corresponding  propul¬ 
sive  output  Nj}  in  these  lines  were  calculated  according  to  formula 
(73). 


When  we  consider  Table  15  and  Fig.  35,  we  see  that  the  pro¬ 
pulsive  output  Njq  during  a  turn  of  the  tank  on  the  appropriate 
upward  sloping  terrain,  insofar  as  is  necessary  to  turn  the  tank, 
declines  on  the  inclined  plane  with  an  increase  of  the  angle  of  turn 
and  is  at  its  minimum  value  in  a  purely  inclined  position  (y  =90°). 

This  decline  of  power  Nq  occurs  due  to  a  decline  of  exterior 
resistances . 
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If,  on  the  other  hand,  the  angle  of  inclination  ©<  becomes 
larger  at  the  first  and  second  position  of  the  tank  (at  y  =  0  and 
=  45°),  power  will  become  greater  due  to  the  significant 
increase  of  exterior  forces. 

The  opposite  phenomenon  is  observed  at  a  purely  sloped 
position,  i.e.  power  declines  with  a  decrease  of  the  angle 

of  inclination.  This  occurs  due  to  the  reversed  effect  of  weight 
transverse  components. 


Figure  35.  Power  Consumption  during  a  Uniform  Turn  of  the 
Tank  on  Upward  Sloping  Terrain. 


It  will  also  be  observed  here  that  in  both  the  first  instances 
braking  force  is  decreased  with  an  increase  of  the  angle  of  inclina¬ 
tion  and  finally  reaches  the  value  0,  then  becomes  stronger  again 
due  to  "slip"  of  the  steering  clutch  and  thus  exerts  a  significant  in¬ 
fluence  on  power  consumption. 

4.  Preconditions  for  Tank  Mobility 

a)  Tank  mobility  without  applying  the  brakes. 

We  have  already  referred  to  the  fact  that  in  many  cases  a  tank 
in  uniform  travel  on  upward  sloping  terrain  can  execute  a  turn 
without  braking  the  inner  track. 

This  phenomenon  can  also  be  observed  when  turning  a  tracked 
vehicle  on  level  terrain,  if  the  tracked  vehicle  is  being  towed.  The 
turn  is  accomplished  merely  by  disengaging  the  steering  clutches. 
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This  occurs  because  in  the  first  case  the  weight  components 
G  sin  Qi  and  in  the  second  case  tractive  effort  on  the  hook  which 
is  directed  opposite  the  direction  of  travel  (movement),  together 
with  tractive  effort  P2  of  the  outer  track,  generate  a  sufficient 
turning  force  to  overcome  the  resistance  moment  against  turning. 


A  tank  can  execute  a  uniform  turn  on  level  ground  without 
braking  the  inner  track,  only  under  the  following  condition: 


nG  L 

4  B 


<  0, 


which  results  in  the  following  formula: 


V 


(92) 


Formula  (92)  gives  us  the  mutual  ratio  of  the  dimensions  of 
B  and  L  on  the  one  hand  and  the  coefficients  and  y*  on  the  other 
hand,  at  which  the  tank  can  execute  a  uniform  turn  on  level  ground 
without  braking  the  inner  track. 

When  we  assume  that  f  -  0.  07  and  yw  =  0.  5,  we  will  obtain 
the  following  equation: 

£3,57. 

In  the  case  of  f  =  0.  1  and  JX  =  0.  6,  we  will  obtain  the  follow¬ 
ing: 


This  means  that  track  width  B  must  be  3-3.5  times  larger 
than  the  length  of  the  track  support  surface  L  in  order  to  execute 
a  turn  without  braking. 

But  such  a  power  ratio  can  never  be  achieved  in  actual  fact. 

In  reality  L.  is  larger  than  B  and  the  ratio  L/B  lies  between 
1  and  1-1/2. 

For  this  reason  the  tank  is  always  turned  by  braking  the  inner 
track. 

If  only  the  steering  clutches  are  disengaged,  the  tank  will 
describe  a  barely  noticeable  turn  at  an  extraordinarily  large  radius. 


This  will  occur  on  hard  ground  because  the  resistances 
against  turning  cause  slip  of  the  track  on  the  ground  and  a  slight 
deformation  of  the  ground  by  the  edges  of  the  track  links.  On 
soft  ground  the  coefficient  p-  will  not  reach  its  maximum  value 
at  once  but  will  increase  only  in  measure  as  the  ground  is  de¬ 
formed. 

With  the  existing  mutual  relationships  of  L  and  B,  we  now 
wish  to  determine  the  value  of  the  coefficient  yu  at  which  a  tank 
can  execute  a  turn  without  braking  the  track. 

We  will  assume  that  L/B  =  1  and  f  =  0.07,  which  means 
that  we  will  obtain  the  following  equation: 

*<0.14. 

If  L/B  =  1  and  /=  0.1,  then 

fi<  0.20. 

If  L/B  =1.4  and  f  -  0.  07,  then 

*5*  0,),  and 

If  L/B  =  1.4  and  /=  0.1,  then 

0.14. 


We  must  assume  that  when  an  insignificant  bend  in  the  path 
which  the  tank  is  following  occurs,  the  value  of  the  resistance 
coefficient  against  turn  will  fluctuate  within  the  limits  of  the  cited 
numerical  values. 


b)  Preconditions  for  the  mobility  of  the  tank  on  level  ground. 

In  order  for  a  tank  to  be  able  to  turn  uniformly  on  level  ground 
at  an  arbitrarily  large  radius,  it  is  necessary  above  all  that  the 
power  of  its  engine  be  greater  than  the  power  consumption  or  is 
equal  to  that  value  calculated  according  to  formulas  (68),  (74)  and 
(77)  in  which  it  was  assumed  that  the  values  of  P2  and  Pj  corres¬ 
pond  to  the  following  equations: 


and 


pGL 

48 

fiCL 

4  B 


Consequently,  it  is  necessary  that 

Nt  £  Nd. 
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Nc  is  the  given  power  rating  of  the  engine. 


For  a  tank  with  steering  clutches,  this  precondition  can  be 
written  in  the  following  form: 


mGL 

IF’ 


that  means  that  the  tractive  effort  which  the  engine  can  generate  on 
the  outer  track  must  be  equal  to  or  greater  than  that  required  to 
perform  a  uniform  turn. 


If  we  divide  the  tractive  effort  P2  of  the  outer  track  at  turn¬ 
ing  by  the  tractive  effort  P,  which  is  required  for  straight  ahead 
travel,  we  will  obtain  the  following  equation: 

fG  ,  yGL 

A  2  J.  (93) 

P  =  fG  ~  2  *  If B 


If  we  assume  that  L/B  =  1.4, 
obtain  the  following  result: 


jA.  =  0.  5  and  f=  0.  07,  we  will 


From  this  we  can  see  that  the  resistance  against  turn  on  level 
ground  is  approximately  three  times  as  great  as  the  resistance 
against  straight-ahead  forward  travel.  This  means  that  the  execu¬ 
tion  of  a  uniform  turn  at  an  arbitrary  diameter  is  impossible  by 
shifting  to  a  higher  gear. 


Disregarding  formula  (93),  it  is  necessary  for  the  performance 
of  a  turn  for  care  to  be  taken  that  the  outer  and  inner  tracks  have 
ground  adhesion.  This  second  precondition  is  expressed  as  follows: 


tT‘*r‘ 

■*£*  2  p, 


(94) 

(94a) 


Since  the  tractive  effort  P2  during  a  uniform  turn  will  always 
be  greater  than  P},  while  Gj  declines  more  slowly  than  Pj  when 
centrifugal  force  is  exerting  an  influence,  both  the  aforementioned 
preconditions  can  be  replaced  by  one,  in  which  the  beginning  of  the 
turn  is  observed  when  the  preconditions  are  the  most  difficult: 

<pG  .  fG  11GL 
r^T+  75"  * 
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From  this  we  will  finally  obtain  the  formula  for  mobility  with 
regard  to  ground  adhesion: 

(95) 


If  we  assume  that  L/B  =1,  fX  =  0.  7  and  f -  0.  1  (soft 
ground),  we  will  obtain  the  necessary  value  of  the  coefficient  for 
the  adhesion  of  the  tracks  on  the  ground: 

V  ^  <M£ 

If  L/B  =  1.4,  we  obtain  the  following  formula  for  the  turn  on 
the  same  ground  (  jx  =  0.  7  and  f  -  0.  1): 

?^0,59. 


Since  the  adhesion  coefficient  (p  for  tanks  on  soft  ground 
fluctuates  between  0.  5  and  0.  6,  we  can  conclude  from  the  cited 
examples  that  adhesion  is  present  in  the  first  case;  here  the  re¬ 
quired  check  of  the  condition  for  mobility  with  reference  to  ad¬ 
hesion  will  be: 

9>^0,3t 


If  L/B  =  1.4, 
following  result: 


0.  06  and  JJ.  =  0.5, 


we  will  arrive  at  the 


<p>  0,41. 


On  hard  ground  the  adhesion  coefficient  will  fluctuate  between 
0.  6  and  0.  8.  Consequently,  we  can  assume  that  the  tracks  will 
adhere  sufficiently  to  the  ground  when  a  turn  is  being  executed  on 
hard  ground. 


c)  Preconditions  for  the  mobility  of  a  tank  on  sloped  terrain. 

In  order  for  the  tank  to  be  able  to  execute  a  uniform  turn  on 
upward  sloping  terrain  as  well  as  on  level  terrain,  it  is  necessary 
that 

N,  >VD 

In  the  case  of  steering  clutches  this  precondition  can  be  ex¬ 
pressed  as  follows,  if  Pj  is  a  positive  value: 


„  -  /  G  cos  «  ,  uG  L  co»  ot  „  .  G  tin  at 

~TB~  *  + 


187. 


If  P}  is  a  negative  value,  the  form  of  mobility  with  reference 
to  the  engine  will  appear  as  follows: 


(96) 


Pj  ^  fG  cos  at  4  G  sin  or, 


(96a) 


i.  e.  it  will  be  identical  with  the  formula  for  forward  movement. 
This  means  that  in  this  case  a  tank  will  have  enough  power  for  a 
turn  if  the  engine  has  some  excess  power  when  climbing  uphill. 

We  wish  to  divide  tractive  effort  which  is  necessary  for 

a  turn  on  upward  sloping  terrain  (Formula  21),  by  the  tractive 
effort  required  for  uniform  travel  on  upward  sloping  terrain: 

fGcoiot  ,  CL  cosec  „  .  „*in* 

p,  _  i  +  ir  *  +  °~r 

P  fO  cos  *.4  Gain  sc 

or 


Pt  _  1  ,  M  L  * 

Pit  Bf+  tga 


(97) 


From  this  formula  we  can  see  that  the  ratio  P2/P  declines 
with  an  increase  of  the  angle  of  inclination.  This  means  that  the 
probability  of  being  able  to  execute  the  turn  without  shifting  back 
will  increase  with  the  power  efficiency  of  the  engine. 


If  we  assume  L/B  =1.4;  f  =  0.  07;  fX  *  0.  5;  we  will  obtain 
for  the  angle  of  inclination  &  =  13°,  K  =  0.  94  (Formula  33)  and 


Px 

P 


l.or 


The  result  is  that  a  tank  which  is  traveling  uphill  at  an  angle 
of  inclination  of  13°  with  a  small  power  reserve,  can  execute  a 
turn  on  this  uphill  travel  without  shifting  gears. 


If  the  angle  of  inclination  is  greater  than  13°,  the  possibility 
for  the  tank  to  be  able  to  execute  the  turn  without  changing  gears 
will  persist. 


When  the  angle  of  inclination  declines  below  13°,  the  value  of 
P2  will  increase;  that  is  to  say,  the  possibility  of  turning  uniformly 
without  shifting  will  be  reduced. 
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At  Of  =  0  and  K  =  1,  Formula  (97)  will  have  the  same  appear¬ 
ance  as  Formula  (93)  which  under  the  same  preconditions  on  our 
last  cited  example  results  in  a  triple  increase  of  the  force  P2  in 
comparison  with  P. 

By  comparing  P2  according  to  Tables  5,  6  and  8,  it  is  clear 
that  the  reduction  of  tractive  effort  in  the  outer  track  during  transi¬ 
tion  of  the  tank  from  the  first  into  the  third  position  occurs  much 
more  rapidly  than  the  reduction  of  adhesion  weight  being  lost  by 
the  outer  track. 

We  see  from  the  same  formulas  (21),  (21a),  (27),  (31)  and 
(31a)  that  in  all  positions  of  the  tank  during  a  turn  on  upward 
sloping  terrain,  P2  is  larger  than  Pj. 

In  addition,  we  know  that  P2  achieves  its  maximum  limit 
during  the  first  time  segment  of  the  turn,  when  the  longitudinal 
axis  of  the  tank  forms  the  maximum  angle  with  the  horizontal  plane. 

We  conclude  from  all  these  data  that  the  formula  for  the  mobil¬ 
ity  of  the  tank  with  reference  to  adhesion  during  uphill  travel  is 


Ocosar  ^Geosac  ftGLconac.,  ffsin* 
9 — o —  £ — S —  + - 7“5 —  "  + 


2 


or 
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tg* 
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In  the  case  of  Of  =  0  and  K  =  1,  we  obtain  Formula  (95)  accord¬ 
ing  to  Formula  (98)  which  we  have  derived  as  a  precondition  for 
mobility  with  reference  to  ground  adhesion  on  level  ground. 

According  to  Formula  (98)  we  recognize  that  the  adhesion  co¬ 
efficient  <p  is  larger,  the  larger  the  angle  of  inclination  Of  . 

With  K  =  1  and  appropriate  transformation  of  Formula  (98), 
we  obtain: 


tg«  — 


th 

2  B 


(99) 


Formula  (99)  can  serve  as  an  equation  for  determining  the 
maximum  angle  of  inclination  at  which  the  tank  can  execute  a  turn 
on  the  appropriate  base. 


If  we  assume  that  L/B  =1.4,  ft-  =  0.  5,  ”f=  0.  06  and  *f=  0.  7, 

we  obtain: 


tg*  2*0,29, 
eC<  IS6. 

If  we  assume  at  the  same  preconditions  that  L/B  =  1,  we  obtain: 

tg*  £0,39 
«$  21°. 

The  maximum  angle  of  rectilinear  climb  is  expressed  on  this 
ground  in  the  following  formula: 

tg 


If  we  now  substitute  the  same  values  for  K  and  f ,  we  obtain: 

tg  *  $0,64, 

*  $  33*. 

From  this  we  conclude  that  the  maximum  angle  of  inclination 
at  which  a  turn  of  the  tank  can  be  executed  at  appropriate  ground 
traction  is  almost  only  half  as  large  as  the  maximum  angle  of  in¬ 
clination  at  which  the  tank  can  travel  in  a  straight  direction. 

d)  Minimum  turning  radius 

Fig.  9  gives  a  schematic  representation  of  the  tank  cross  sec¬ 
tion  showing  the  forces  being  exerted  on  it  during  a  uniform  turn. 

Admittedly  centrifugal  force  C  has  an  effect  on  the  transverse 
forces  of  the  ground  S2  and  Sj  and  change  the  usual  reactions  of 
the  ground  against  the  tracks  Q2  and  Qj. 

The  equations  for  the  equilibrium  of  forces  and  of  resistance 
moment  with  reference  to  point  4  is  written  down  in  the  following 
form: 


9.  +  <?,=  G 

(a) 

Sj  *=  c 

(b) 

CK — 

(c) 

The  greater  the  centrifugal  force,  the  greater  the  counteraction 
Q2«  In  constrast  to  this,  the  reaction  Qj  will  decrease  with  an 
increase  of  centrifugal  force. 

Of  course  the  tank  will  begin  to  tip  around  the  outer  track  as 
soon  as  reaction  Qj  reaches  the  value  of  zero. 


190. 


For  Qj  =  0  in  equation  (c),  we  obtain  the  precondition  for  the 
tipping  of  the  tank;  it  is 


c-e& 


(100) 


or,  if  we  substitute  the  appropriate  expression  for  C  according 
to  formula  (12) 


(101) 


vc  is  the  velocity  for  straight  ahead  travel.  If  we  are  dealing 
with  a  tank  with  steering  clutches,  this  formula  is  more  practically 
written  in  the  following  form: 


3,6*  H'1 


-•A 


(101a) 


According  to  Formulas  (101)  and  (101a)  we  find  according  to 
the  given  velocity  vc  or  V2  the  maximum  radius  at  which  the  tank 
begins  to  return  to  its  proper  position. 

During  the  turn,  the  tank  will  begin  to  rectify  itself  again  when 
centrifugal  force  is  greater  than  the  force  of  ground  transverse  ad¬ 
hesion  on  the  tracks,  where  the  adhesion  force  can  be  expressed  in 
the  following  equation: 

M'  Qi  <?,=*r  G 


C  =/»'  G 


(102) 


3,6*  R1 


(103) 


In  the  case  of  a  tank  with  steering  clutches,  it  is  better  to  write 
the  formula  in  the  following  form: 


•^-t) 


3,6s  R2 


(103a) 
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According  to  formulas  (103)  and  (103a)  and  at  the  given  velocity 
vc  (or  V2)  we  obtain  the  maximum  turning  radius  at  which  the  tank 
begins  to  straighten  out  again. 


If  we  substitute  the  value  C  from  formula  (102)  into  formula 
(13a)  and  take  into  account  that  in  this  case  M  is  equal  to  M', 
we  obtain  the  following  equation: 


X  - 


_L 

2 


This  means  that  the  turning  center  point  is  shifted  beyond  the 
track  support  surface  the  moment  the  tank  begins  to  tip. 


With  consideration  of  the  circumstance  that  B/2h  is  usually 
somewhat  larger  than  1,  while  jx'  is  not  larger  than  1,  we  can 
write: 


M'C  <C 


8_ 

2  h 


(104) 


Using  formulas  (101)  and  (103)  we  determine  the  following: 


or 


If,  <  J?,. 


This  means  that  the  smallest  turning  radius  R3,  after  straight¬ 
ening  out,  is  larger  than  the  largest  radius  during  the  tip  RQ.  Con¬ 
sequently,  there  is  no  danger  that  a  tank  can  tip  over  when  executing 
a  turn  on  level  ground  because  the  tank  will  straighten  out  again 
before  the  tipping  motion  can  take  effect. 


e)  Preconditions  for  a  non-uniform  turn. 

If  the  power  efficiency  of  the  engine  is  less  than  that  required  to 
turn  the  tank  uninterruptedly,  the  tank  cannot  turn  continuously 
around  an  arbitrary  angle  at  an  arbitrary  radius. 

Under  these  circumstances  the  tank  will  be  able  to  turn  by  using 
its  weight.  However,  this  turn  can  only  be  made  by  sufficiently  bra¬ 
king  the  inner  track.  Thus  the  speed  of  the  center  of  gravity,  as 
well  as  the  rotational  speed  of  the  engine  will  be  smaller. 
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The  brake  must  not  be  applied  for  too  long  a  time,  since  the 
engine  will  choke  out.  The  brake  must  be  released  before  engine 
rotational  velocity  reaches  its  minimum  value. 

During  braking  the  tank  will  turn  at  some  definite,  not  too 
large  angle. 

Thereupon  a  certain  speed  must  be  reached  again  and,  if 
necessary,  the  brake  applied  again.  This  turning  phenomenon 
will  be  repeated. 

The  path  of  motion  of  the  center  of  gravity  will  be  a  broken 
line  which  is  composed  of  individual  curves  and  straight  lines  in 
a  certain  succession. 

In  order  that  such  a  graduated  turn  be  executed,  it  is  necessary 
to  calculate  according  to  the  following  preconditions  (formula): 

(,+jy-)4>££± 

in  which  P  is  the  tractive  effort  of  the  engine. 

We  now  wish  to  determine  around  which  angle  the  tank  will  turn 
in  one  time  segment  of  turn. 

The  preconditions  for  a  non-uniform  turn  in  this  case  will  agree 
with  point  "e"  described  in  Section  2. 


Figure  36.  Path  of  the  Tank  during  a  Non-uniform  Turn 


Consequently,  on  the  basis  of  formulas  (a)  and  (46)  we  can 
write  the  following: 


p  Vc 

■  fG  +  J=  0 

(a) 

2 

&G\  B 

ftGL  J 

4  B 

(b) 
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Using  these  equations  we  can  determine  the  angle  around 
which  the  tank  will  turn  during  one  time  segment.  In  the  same 
manner  as  we  derived  formula  (49),  we  obtain: 


where 


(106) 


The  time  interval  t  in  equation  (106)  can  be  determined  by 
the  following  formula: 

v  =  *» —  k  t 

in  which  v  is  the  minimum  rotational  velocity  considered  per¬ 
missible  with  normal  engine  operation.  Its  value  can  be  assumed 
as  1/4  vQ.  Then  formula  (106)  becomes 

(107) 

The  acceleration  of  the  center  point  of  inertia  b  is  deter¬ 
mined  according  to  the  following  formula: 

<108> 


If  we  substitute  b  into  formula  (107)  and  then  substitue  t  into 
formula  (106),  we  will  have  determined  the  value  of  the  angle  sought 

Y  • 

The  path  over  which  the  center  of  gravity  moves  during  this 
time  will  be  determined  by  the  following  formula: 

S,  (109) 

We  will  determine  the  path  of  the  later  tank  movement  accord¬ 
ing  to  the  formula: 


A  »f 


P-fG 


(110) 


The  average  turning  radius  of  the  tank  can  be  determined 
approximately  in  this  case  according  to  the  formula: 


B  _«,  +  *> 
2  V 


(111) 
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If  the  brake  is  not  applied  after  disengaging  the  steering 
clutches,  the  precondition  for  a  non-uniform  turn  will  have  the 
following  form: 


If  we  assume  that  Nc  =  300  HP,  G  =  10,  000  kg,  L  =  2.  7  m, 

B  =  2,  ft  =  0.  4,  =  0.75  and  v  =  15  km/h,  we  will  obtain  the 

following  results: 

4050  kg;  =  2800  kg. 

Consequently,  in  this  case  precondition  (112)  will  be  main¬ 
tained. 

This  means  that  in  many  cases,  if  the  engine  has  sufficient 
power  reserve,  a  turn  during  travel  around  a  certain  small  angle 
is  possible  without  braking  the  inner  track  for  this  purpose  (thus 
merely  by  disengaging  the  steering  couplings). 

It  is  only  necessary  here  that  tank  speed  before  the  turn  be  less 
than  the  maximum  speed  possible  in  whichever  gear  the  tank  happens 
to  be. 


In  this  case,  the  force  of  inertia  J  =  m  •  b  will  play  the  role 
of  the  braking  force  Pj,  where  the  force  of  inertia  is  directed  back¬ 
ward  due  to  the  accelerated  travel  (Fig.  37). 

The  angle  of  turn  and  the  path  of  the  center  of  gravity  in  this 
case  can  be  determined  according  to  formulas  (46),  (47a),  (48),  (49), 
(53)  and  (54). 
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5.  Coefficient  of  Resistance  Against  Turn 

The  coefficient  of  resistance  fx  against  turn  with  various  types 
of  soil  has  been  insufficiently  studied  as  yet.  Nevertheless,  it  can 
be  stated  that  the  value  of  the  coefficient  depends  upon  the  following 
circumstances:  on  the  friction  of  the  tracks  rubbing  on  the  ground, 
on  resistance  when  the  grips  go  into  the  ground  and  on  the  resistance 
when  the  ground  is  deformed  by  the  track  edges. 

Each  of  these  circumstances  will  change  in  relation  to  the  type 
of  soil. 

It  can  be  assumed  that  the  turning  radius  exerts  an  influence  on 
the  value  of  the  coefficient  fJ-  with  the  same  soil  (base),  whenever 
the  angular  velocity  remains  constant  during  the  turn.  A  small  wall 
of  earth  is  built  up  along  the  tracks;  it  becomes  higher  the  smaller 
the  turning  radius,  which  makes  turning  more  difficult. 

Determining  the  value  of  coefficient  fx  must  be  accomplished 
in  such  a  way  that  its  value  is  found  with  various  soil  types  in  rela¬ 
tion  to  the  tank  speed  and  turning  radius. 

Today  there  are  three  main  methods  for  determining  the  co¬ 
efficient:  the  first  method  involves  towing  the  tank  with  a  winch  or 
with  a  towing  vehicle  vertically  to  the  longitudinal  axis  (Fig.  38)  and 
reading  the  power  efficiency  on  a  gauge. 

p 

The  number  P  read  on  the  gauge  is  divided  by  the  weight  -g-  =  F 

The  coefficient  JX'  determined  in  this  manner  differs  from  the 
actual  coefficient  by  the  fact  that  the  resistance  of  the  grips  against 
the  ground,  which  plays  a  role  in  turning,  is  not  taken  into  account. 

It  would  be  more  correct  to  designate  the  coefficient  [*■'  as  the 
coefficient  at  lateral  shift. 

The  coefficients  of  resistance  quoted  earlier  (Table  1)  are 
actually  the  coefficients  fx  1  which  were  determined  by  making 
additional  calculations  for  the  resistance  of  the  grips. 

The  second  method  involves  turning  the  tank  by  force  while 
rolling  the  towing  hawser  onto  the  winch  drum  and  fastening  the  other 
end  of  the  hawser  on  a  derrick  specially  attached  on  the  tank. 
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Figure  38.  Schematic  representation  of  the  tank  being  towed  by 
a  towing  vehicle  in  a  direction  vertical  to  the  longi¬ 
tudinal  axis  for  the  purpose  of  determining  the  co¬ 
efficient  fji  . 


The  tractive  effort  shown  on  the  gauge  is  read  at  that  point  in 
time  when  the  hawser  is  stretched  vertically  to  the  longitudinal 
axis  of  the  tank.  In  addition,  at  the  same  time  we  measure  the 
shift  of  the  center  point  of  turn  X  according  to  the  resultant  track 
left  by  the  sliding  tank. 

We  then  calculate  the  value  of  the  coefficient  according  to  basic 
values  P  and  X  determined  by  the  measurement: 

4J°a  +  X>  — 2  fOB 


The  coefficient  fA  determined  in  this  manner  likewise  differs 
from  the  correct  one,  but  this  difference  is  not  so  large  as  in  the 
case  of  yn1. 

That  this  yu  is  also  imprecise  is  attributable  to  the  fact  that 
first  of  all  the  tank  is  turned  in  a  non-uniform  manner  the  entire 
time  (it  is  difficult  to  achieve  a  uniform  turn)  and  secondly  to  the 
fact  that  the  force  being  exerted  in  transverse  direction  distributes 
the  load  on  the  tracks;  it  can  occur  that  the  right  track  bores  deep¬ 
ly  into  the  ground,  which  causes  an  increase  of  the  resistance 
against  turn. 

Thirdly,  the  lack  of  precision  of  fA  is  attributable  to  the  fact 
that  the  tracks  are  not  stretched  as  tightly  so  that  the  pressure  dis¬ 
tribution  pattern,  which  exerts  a  direct  influence  on  turning  resis¬ 
tance,  is  changed. 


The  third  method  in  which  the  tow  rope  leads  from  the  winch 
to  the  upper  turret  of  the  unbraked  track  and  is  joined  there  pro¬ 
duced  results  more  in  conformity  with  reality  (the  second  track 
was  braked  during  towing)  (Fig.  40). 


Figure  39.  Forceful  Turning  of  the  Tank  in  Position  to  Determine 
the  Coefficient  U.  . 

The  tractive  effort  indicated  by  the  gauge  is  read  in  the  mo¬ 
ment  the  direction  that  the  rope  is  being  pulled  corresponds  to  the 
longitudinal  axis  of  the  track. 

At  this  moment  the  shift  of  the  turning  center  point  X  is  also 
measured. 

In  this  case,  the  coefficient  fj.  is  calculated  according  to  the 
following  formula: 

4  P(2B  +  «)-7fGB 


[,  /2X\* 

<9  L 

1' +  hr)  J 

It  must  be  noted  here  that  with  all  these  methods  it  is  possible 
to  determine  neither  the  relationships  between  the  resistances 
during  turn  nor  the  radius. 

The  most  correct  method  for  the  determination  of  p  would  be 
to  measure  the  tractive  efforts  on  the  track  during  turn  or  the  turn¬ 
ing  moments  on  the  drive  sprockets. 
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Figure  40. 


Then  we  will  calculate  the  proper  value  of  or  in  any  case 
an  approximate  value  according  to  the  following  formula: 


One  disadvantage  of  this  method  is  due  to  the  fact  that  it  is 
difficult  to  execute  a  uniform  turn  with  a  definite  radius,  although 
this  disadvantage  can  be  nullified  with  sufficient  practice  by  the 
driver. 


Section  IV. 


TANK  TRACK  AND  SUSPENSION 

1.  Basic  Types  of  Tank  Track  and  Suspension 

By  track  and  suspension  of  the  tank  we  mean  the  totality  of 
all  the  individual  parts  of  its  track  and  suspension,  by  means  of 
which  the  road  wheels  are  connected  with  the  tank  hull. 

The  first  English  tanks  exhibited  a  rigid  track  and  suspension, 
i.  e.  a  support  by  means  of  which  the  road  wheel  axes  were  rigidly 
connected  to  the  tank  without  the  aid  of  springs. 

This  rigid  track  and  suspension  was  considered  satisfactory 
only  up  to  certain  low  speeds  (5-6  km/h).  On  the  other  hand,  at 
high  speeds  the  tank,  especially  on  uneven  terrain,  was  subjected 
to  such  sharp  impacts  and  bumps  that  the  tank  crew  suffered  fatigue 
and  the  working  life  of  the  tank  was  shortened. 

For  this  reason,  all  recent  tanks  have  already  been  signifi¬ 
cantly  improved  by  equipping  them  with  springs. 

Recent  tanks  exist  in  many  track  and  suspension  designs,  but 
almost  all  can  be  classified  into  three  groups  according  to  the 
manner  in  which  the  load  is  distributed  on  the  road  wheels: 

1.  Road  wheels  with  individual  springs, 

2.  Swing  arm  supports, 

3.  Bogie  wheel  track  and  suspension. 

In  the  case  of  the  first  track  and  suspension,  the  road  wheels 
are  fastened  independently  on  the  tank  hull. 

Usually  they  are  supported  with  coil  springs. 


Figure  1.  Road  Wheels  on  the  Tank  with  Individual  Springs. 


Figures  2  and  3.  Swing  Arm  Track  and  Suspensions 


Figures  4  and  5.  Bogie  Wheel  Suspension  Frame 


Two  intermediate  levers  and  pull  rods  of  various  designs  are 
fastened  between  the  road  wheels  and  the  springs  of  the  independent 
suspension  (see  Figs.  1,  2  and  3). 

The  wheels  are  independent  of  each  other  on  this  swing  arm 
track  and  suspension.  If  every  two  or  more  road  wheels  have  com¬ 
mon  springs,  it  becomes  a  bogie  wheel  suspension  frame. 

A  suspension  is  designated  as  a  combination  track  and  suspen¬ 
sion  if  some  of  the  road  wheels  are  independent  of  each  other  on  the 
tank  hull  while  others  are  joined  by  means  of  springs  and  swing 
arms  (see  Fig.  6). 

2.  Exterior  Forces  being  Exerted  on  the  Road  Wheels  of  a  Tank 

When  designing  a  tank  track  and  suspension  system  it  is  very 
important  to  distribute  the  loads  on  the  road  wheels  in  a  proper 
manner. 

To  comprehend  these  loads  better,  we  wish  to  consider  the 
exterior  forces  which  exert  an  influence  on  the  road  wheels. 

In  view  of  the  circumstance  that  these  forces  are  equal  on  the 
left  and  right  side  of  the  tank,  we  wish  to  limit  ourselves  to  con¬ 
sidering  those  forces  which  are  exerted  on  the  right  side. 

If  it  is  necessary  to  distinguish  between  the  road  wheels  on  the 
right  and  left  side,  we  will  designate  all  forces  related  to  the  right 
side  with  letters  and  an  apostrophe,  the  forces  exerted  on  the  left 
side  will  be  designated  with  letters  and  quote  marks.  Where  no 
marks  are  used,  this  means  that  the  force  is  exerted  on  both  sides. 

Any  road  wheel  (we  will  designate  them  with  the  letter  i),  with 
the  exception  of  those  furthest  to  the  rear,  will  be  influenced  by  the 
following  forces  (Fig.  7). 


Figure  7.  .  Forces  Acting  on  the  Road  Wheel 
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Normal  load  N'  and  shearing  force  P'  are  exerted  from 
the  side;  the  normal  reaction  of  the  ground  Q1  is  exerted  by  it, 
while  force  R'  is  exerted  over  the  track  onto  the  road  wheel. 
Force  R'  is  rolling  resistance. 

Taking  into  account  all  forces  being  exerted  on  the  road  wheel 
axis,  we  obtain  the  following  equations: 

*;=  <?; 

Pt-rtr 

The  rear  n^*1  road  wheel  as  well  as  all  other  road  wheels  is 
subjected  to  the  effect  of  forces  Nn,  Pn,  and  In  addition 

the  stress  of  the  lower  and  rear  part  of  the  track  -P',  which  with 
sufficient  approximation  can  be  considered  of  the  same  value,  ex¬ 
erts  an  effect  on  this  wheel  (Fig.  8). 


Figure  8.  Forces  being  Exerted  on  the  Rear  Road  Wheel 


The  operating  stress  of  the  track  is  generated  by  the  propulsion 
force  of  the  rotating  drive  sprocket  and  corresponds  to  the  tractive 
effort  on  this  track  P". 

In  straight  ahead  tank  travel,  this  tractive  effort  amounts  to 

+  (a) 

in  which  Q'  represents  the  total  reaction  which  is  equal  to  the  ad¬ 
hesion  weight  of  the  tank  lost  by  the  track;  this  means  that 

If  we  set  up  equations  for  the  equilibrium  of  forces  which  are 
exerted  on  the  rear  road  wheel,  they  will  have  the  following  appear¬ 
ance: 

Q„  =  —  P's  iny 

P’n  =  —  P'0  —  eosy)  (2) 


Equations  (2)  prove  that  the  normal  load  of  the  ground 

by  the  track  under  the  rear  road  wheel  is  smaller  by  P'  sin  y 
than  the  normal  load  of  the  track  through  the  road  wheel 

due  to  the  relieving  effect  of  the  slanted  part  of  the  track.  Like¬ 
wise,  shearing  force  P„  on  the  last  road  wheel  is  smaller  than 
the  resistance  against  the  horizontal  components  P'  (1  —  cos  y  ) 
of  the  road  wheel  load  2  P'  sin  yl  2  which  is  stipulated  by  track 
tension. 


Figure  9.  Track  and  Suspension  of  a  Tank 
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Figure  10.  Force  Diagram  on  the  Track  and  Suspension  of  a  Tank 


The  exertion  of  all  exterior  forces  on  the  tank  road  wheels  is 
shown  on  Figs.  9  and  10.  This  diagram  can  be  simplified,  however. 

From  mechanics  we  know  that  the  end  result  Q  of  all  vertical 
reactions  of  the  ground  on  the  road  wheels  is  as  great  as  the  ad¬ 
hesion  weight  of  the  tank  G: 


zQi  =*(?;+  $*)»<? 


(b) 
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It  is  applied  at  the  so-called  pressure  center  point,  the 
position  of  which  is  determined  by  the  longitudinally-directed  x 
and  the  transversely  directed  y-shift  of  the  pressure  center 
point,  as  opposed  to  the  projection  of  the  tank's  center  of  gravity 
on  the  plane  of  travel. 


Figure  11.  Forces  Being  Exerted  on  the  Tank's  Track  and 

Suspension. 


Where: 


and 


w  t  +  G  sin  * . 
*“ - Tg - h 

Gain  B  . 

y 


(c) 


We  wish  to  consider  the  shift  of  the  pressure  center  point  to 
the  rear  and  the  left  side  as  positive,  and  the  shift  to  the  front  and 
to  the  right  side  as  negative. 


In  this  manner  we  can  replace  all  forces  Qj  and  Q{'  by  one 
force  Q,  which  is  exerted  on  the  pressure  center  point  of  the 
tank. 

The  rolling  resistance  is: 

In  this  manner  we  can  replace  all  forces  / Q|  and  f Q-'  by  one 
and  the  same  force  fQ. 

In  addition  we  wish  to  refer  to  the  fact  that  the  sum  of  the 
stresses  being  exerted  on  the  right  and  left  side  of  the  tank  track 
is  as  large  as  the  tractive  effort  P  of  the  tank. 

P'  +  P"  =  P. 

The  simplified  schematic  of  the  effects  of  all  exterior  forces 
on  the  road  wheels  is  shown  in  Figs.  11  and  12. 

3.  Determination  of  Road  Wheel  Loads  with  Independent  Suspension 

of  the  Tank. 

We  wish  to  determine  the  normal  loads  N-  and  N!1  on  the  road 
wheels  when  they  are  individually  equipped  with  springs. 

We  cite  the  following  designations: 


Figure  13.  Forces  Being  Exerted  on  Individually  Sprung  Tank  Road 

Wheels. 

a  j  --  the  distance  between  the  axis  of  any  road  wheel  and  the 

axis  of  the  rear  road  wheel.  The  index  i  can  include  all  values 

from  1  to  n,  where  we  assume  for  the  rear  n**1  road  wheel  that 

a  =  0. 

u 
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a  --  distance  between  the  axis  of  the  rear  road  wheel  and  the 
transverse  surface  of  the  tank  which  passes  through  the 
center  of  gravity. 

B  --  the  tank  track  width  (See  Fig.  14). 
r  --  radius  of  the  road  wheel. 

To  determine  the  vertical  loads  N*  and  N^'  we  wish  to  set 
up  equations  of  the  forces  vertical  to  the  plane  of  travel  and  one 
equation  of  the  force  moments  relative  to  the  longitudinal  axis 
through  the  tank  center  of  gravity  (Figs.  13  and  14). 


Figure  14.  Forces  Being  Exerted  on  an  Individually  Sprung  Track 

and  Suspension. 

^  +  i»siny-£(iV;+  ti{)  ~0  (3) 

£  [ti(+ tit)<*i  + Qffr  —  *)=\0  (4) 

tZW-^  +  9»- (5) 

Eqs.  (3),  (4)  and  (5)  form  a  system  of  three  equations  with  2  n 
unknown  quantities. 

tie,  ti,  ti,  ..  ......  ...  tin 

aC,  aC.  aC  -  •  • 

To  obtain  the  missing  equations,  we  wish  to  replace  the  ver¬ 
tical  loads  Nj  and  N1^  of  the  road  wheels  by  the  deflection  of  the 
springs  and  f±. 
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^  •  •  .  • 
#i ...  . 


(a) 


(a) 


where  c  represents  the  spring  constant,  i.e.  the  relation  between 
the  spring  load  and  its  deflection. 

The  deflection, of  the  springs  can  be  expressed  by  the  bank  of 
the  tank  hull,  kx  lengthwise  and  ky  laterally,  and  by  the  shift 
of  the  tank  center  of  gravity  downward  zQ. 

The  height  differences  in  the  longitudinal  and  transverse  di¬ 
rection  are  designated  as  angles  kx  and  ky,  which  are  formed  by 
the  longitudinal  or  transverse  axis  of  the  tank  with  the  tank's  plane 
of  travel  (see  Figs.  15  and  16). 


Figure  15.  Longitudinal  Bank  of  the  Tank  Hull 

1)  Position  of  the  center  of  gravity  with  the  springs  unloaded. 

2)  Longitudinal  axis  (points  1  and  2)  also  apply  to  Fig.  16. 

The  shift  of  the  center  of  gravity  downward  is  designated  by 
the  amount  of  weight  settling  as  a  result  of  the  elastic  deformation 
of  the  track  and  suspension  springs. 

We  now  wish  to  select  certain  springs,  one  on  the  right  and 
the  other  on  the  left  side  of  the  suspension  and  to  express  their 
deflection  by  the  values  kx,  ky  and  kQ;  we  are  assuming  that  the 
spring  deflections  are  positive  on  the  rear  and  on  the  left  side: 
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D  * 

ft  =  ?,-(*<  — «)  aim  ain  ^r  +  e< 

B  »t 

f-  =  *a  —  (“Y  “  «f)  «in  **  +  -5-  sin  *»  +  •” 


e?  and  e^  are  the  additional  spring  deflections  due  to  the 
spring  supports  or  because  the  adjustment  plates  were  unscrewed 
or  because  of  unevenness  of  the  ground,  (see  Fig.  15). 


q;r  an-' 


svef 


9e 


Figure  16.  Lateral  Bank  of  the  Tank  Hull 

Usually  these  height  differences  kjj.  and  ky  represent  small 
values  in  themselves;  thus  we  can  calculate  that 

Sir  ^  —  kg 

and 

sin  kt^kf 

then  the  following  equations  will  be  justified: 


f'i  =  z»  —  («i  —  Of)  kt—  -~kf  +  «, 

/T  «  **—  G*<  —  +  IT  +  «T 


If  we  write  expressions  in  the  manner  of  (c)  for  the  deflection 
of  all  springs  and  substitute  them  into  equation  (a),  we  obtain: 


K  *=*«[*«—  C*<  —  <*)**  —  -f  +  «i  ] 

-=*[»•  —  (Off  —  <0  **  +  y*»  -m] 
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Now  Eqs.  (3),  (4)  and  (5)  with  Eq.  (6)  form  an  equation  sys¬ 
tem  which  is  made  up  of  2  n  +  3  independent  equations  with 


2  n  +  3  unknown  quantities: 

«! ,  N', ,  ft'.  . K 

N\\  DT.  . N"m 


consequently,  we  can  calculate  all  unknown  quantities  from  them. 

We  now  wish  to  substitute  the  expressions  for  vertical  loads 
of  the  road  wheels  from  Eq.  (6)  into  Eq.  (5).  After  we  have  sub¬ 
stituted  these  expressions  and  similar  members  into  the  numera¬ 
tor,  Eq.  (3)  will  have  the  following  appearance: 

—  —  ^  (t'4  —  c")  +  P")  sin  y  •=  0 . 

The  result  is  that: 

.  *  B  £ (tt 2  (d) 

- CT - -  ‘ 

We  wish  to  change  the  obtained  equation  for  ky  in  such  a 
way  that  we  replace  the  value  P*  -  P"  by  the  adhesion  weight  Q 
of  the  tank  and  the  transverse  shift  of  the  pressure  center  point  y. 
Then  we  obtain  the  following  equation: 

y-  ’)=<!? -r> 

But  since 

1"?  and 

r-t-U  consequently 

2  ■  o 

i* -«">=- */«-§• 

When  we  substitute  the  obtained  expression  for  P1  -  P"  into 
Eq.  (d),  we  obtain  finally: 


..  + *«»<»+ /*»«  (7) 

*r~  rnfr - - 

We  wish  to  refer  to  the  fact  that  the  lateral  tilt  is  in  no  way 
related  to  longitudinal  tilt  k^.;  it  is  caused  exclusively  by  the  fol¬ 
lowing  circumstances: 


a)  by  the  difference  of  the  additional  deflections  of  the  springs 

on  the  left  and  right  sides  of  the  tank  as  we^  as 

b)  the  transverse  shift  of  the  pressure  center  point  y. 

To  determine  the  longitudinal  tilt  kx  of  the  tank  and  the  down¬ 
ward  shift  of  the  center  of  gravity  we  will  substitute  expression  (6) 
for  normal  road  wheel  loads  into  Eqs.  (3)  and  (4).  After  we  have 
done  this  and  have  brought  similar  members  of  the  equation  to  the 
numerator,  we  obtain  the  following  equations: 

2  h  n —  2  k  kt  E  (at  —  a)  +  k  Z  [tf  +  —  Q  —  P  sin  —  0 

and 

2  h^Zai—  2hkzS(ai  —  a)  at  +  k27  (q +«*)  <»r  +  C(/r  —  «  +  *)  *0  (8) 


Both  these  equations  (8)  represent  a  system  of  equations  of 
the  first  degree  with  the  unknown  quantities  kx  and  zD.  The  solu¬ 
tion  of  this  equation  system  presents  no  difficulties  after  substitut¬ 
ing  the  numerical  values  into  the  equations. 

After  we  have  determined  the  unknown  quantities  kx,  ky  and 
zQ  in  this  manner,  we  now  wish  to  determine  the  values  of  normal 
road  wheel  loads  N!  and  NV  with  the  aid  of  Eqs.  (6). 

If  we  know  the  vertical  loads  on  the  road  wheels,  we  can  deter¬ 
mine  the  values  of  the  vertical  reactions  of  the  ground  under  the 
road  wheels  Qj  amd  QV  with  the  aid  of  formulas  (1)  and  (2)  and 
in  addition  the  horizontal  loads  on  the  road  wheels  PJ  and  P'J  . 

EXAMPLE 


The  vertical  loads  on  the  tank  road  wheels  during  travel  at  a 
uniform  speed  on  level  terrain  will  be  determined  with  the  coeffi¬ 
cient  of  travel  resistance  f  -  0.1: 

The  basic  values  for  the  tank  are:  G  =  5600  kg. 


The  number  of  road  wheels  on  one  side  is  n  =  4. 


r  =■'  20  cm 
Y  =  30° 
w  =  100  kg/cm 
•  —  130  cm 


=  240  cm 
a,  ss  160  cm 
a,  sa  80  cm 
a*  =  <k 


The  second  and  third  springs  on  the  right  and  left  side  of  the 
tank  are  additionally  stressed  by  supports  of  5  cm  each,  i.e.  : 


211. 


/  »  /  tt 

**  “  *»  *»  e,  «  €,  »5c m 
*.*=».  -«.  =  *.  -  0 . 

SOLUTION; 

1.  The  lateral  tilt  ky  equals  0,  since  the  additional  spring 
deflections  on  the  right  and  left  sides  are  equal  and  the  lateral 
shift  of  the  pressure  center  point  is  y  =  0. 

2.  We  shall  determine  the  longitudinal  tilt  kx  and  the  shift 
of  the  tank  center  of  gravity  zQ  downward.  Since  when  traveling 
on  level  ground  the  adhesion  weight  corresponds  with  the  actual 
tank  weight  G,  in  this  case  Eq.  (8)  will  have  the  following  appear¬ 
ance: 

2knta  —  2hkxE  (Oi  —  a)  +  e',)  —G  —  PH  n/«0, 

2 ki0E  tii  —  2  A  kx  E  («( —  «)  a,  +  h£  (el  +  e,)  +  G  (f  r  —  «)  *  o . 

We  shall  calculate  the  coefficients  of  both  these  equations: 


2  A  »  —  2  ■  100  •  4  *»  800 ; 

2JkX(«<-a)  -2  A<r «<-«*)  -  2  100(240  +  160  +  80  —  4  •  ISO)  -  -  MOO; 
kE  (<IJ  +  q)  -  100 (5  +  5  +  5  +  5)  » 2000; 

J>nny  m  fGtiny-  5600  0,1  min  SOT  «  *80; 

2  A  E  «,  m  2  •  100(240  +  160  +  10)  -  06,000; 

2  h  E  (*<  —  a)  a,  =  2A  (£•]- *E  «<)  =  2000(240*  +  160*  + 

+"•0*  -  130  (240+  160  +  80)  =5,440,000; 

AZ(e'  +  «")«<-  100  [(5  +  5)  160  +  (5  +  5)  80]  -  240,000 
*6600(0,1  -20-  130)-  -716,800. 


Consequently,  we  have: 

800  ?,+  8  000  ix+  2  000  —  6  600—  280  —  0 
•6,000  ?0— 5,440,000  kx  +  240,000  =  716,800  =  0. 

When  we  solve  these  equations,  we  obtain: 

if  =  4,87  cm 
kMtm  0,001 75 
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3.  We  determine  the  normal  road  wheel  loads: 

k = *r- h  [-0  -  («( -  °)  ** + «<]  i 

N\  =  N';  =■  100  [4,87  -  (240  -  130)  •  0,00175]  *  506  kg; 

N',  =5  N =  100  [4,87  -  (160  -  130)  •  0,00175  +  5]  =  992  kg; 
N[  =  N"  k  100  [4,87  -  (80  -  130)  •  0,00175  +- 5]  =  978  kg; 
N't  =  N“  =  100  [4,87  -  (0  -  130)  •  0,00175]  =*  464  kg. 


4.  We  check  the  solution  by  substituting  the  determined 

values  of  N.'  and  N'.'  into  Eq.  (3). 

,  l  i 

2  (506  +  992  +  978  +  464)  —  5600  —  280  =  0. 

Thus  the  solution  is  correct. 

Without  further  deliberations  which  the  reader  can  make  for 
himself,  we  present  comparisons  of  the  results  for  the  case  that 
the  tank  which  we  selected  as  an  example  was  in  rest  position 
P  =  0: 

P'=»  280,  P'  =  0,  P's*  240,  P’<=0,  P'=280,  P'=a 
N’  =  M  =  506,  553  =■  <?r  -  606,  555  P[  m  P"  =  55,5  0 

N[  =  K  =  982,  985  Q[  =.  Q"  =  982,  985  P.^  P~  =  98,5  0 
ff,  *  N"  »  978,  915  (?;  =.  Q"  «  978,  915  P[  ~  P~  ~  91,5  0 
-  f/.'  -  464,  345  =  <?"  =  324,  345  P^  =  P~  -  —  17  0. 

If  we  compare  the  corresponding  normal  road  wheel  loads  of 
the  stationary  and  moving  tank,  we  see  that  significant  load  changes 
occur  during  travel  (movement). 

In  the  example  which  we  considered,  these  changes  of  normal 
loads  reach  34%  on  the  rear  road  wheel. 

The  negative  value  P4  refers  to  the  fact  that  the  rear  road 
wheels  shove  the  tank  hull  forward  and  not  conversely,  as  is  the 
case  with  all  other  road  wheels.  Thus,  rolling  resistance  R  =  fQ. 

-  560  kg  is  not  the  sum  of  the  shearing  force  exerted  by  the  hull 
against  the  road  wheels  £  P^  =  457  kg. 

4.  Calculation  of  Independent  Suspensions 

In  the  preceding  section  the  equation  was  determined  according 
to  which  the  vertical  road  wheel  loads  with  individual  springs  were 
calculated;  see  Fig.  1. 
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We  can  use  these  same  equations  for  determining  the  verti¬ 
cal  loads  of  road  wheels  with  individual  springs  in  the  design 
depicted  in  Figs.  2  and  3. 

If  we  use  these  equations  from  the  preceding  section  for  de¬ 
termining  the  vertical  loads  of  road  wheels  with  individual  springs 
as  depicted  in  Figs.  2  and  3,  we  must  clothe  these  supports  in  a 
simple  calculation  scheme. 

This  method  involves  replacing  the  actual  tank  suspension  in 
the  sense  of  that  depicted  in  Figure  1.  In  this  change  we  must 
maintain  the  position  of  the  road  wheels  in  comparison  to  the  tank 
hull  and  replace  the  temper  of  all  springs  of  the  swing  arm  track 
and  suspension,  which  serves  as  a  substitute  for  the  actual  one  in 
the  calculation,  by  the  temper  of  the  corresponding  actual  springs. 

The  springs  of  the  ideal  substitute  track  and  suspension  are 
a  replacement  for  the  actual  ones.  Their  temper  is  designated  as 
apparent  temper. 

The  precondition  under  which  the  value  of  the  apparent  temper 
was  determined  involves  the  same  normal  reactions  of  the  road 
wheel  on  its  own  axis  corresponding  to  the  same  vertical  shifts  of 
the  road  wheel  in  comparison  to  the  tank  hull. 

This  precondition  is  met  if  the  spring  deflection  of  the  substi¬ 
tute  spring  in  the  vertical  direction  is  equal  to  the  shift  of  the  road 
wheel  in  comparison  to  the  tank  hull. 

We  wish  to  determine  the  expression  for  apparent  spring  tem¬ 
per  of  the  suspension  which  is  depicted  in  Fig.  2. 

We  wish  to  designate  the  angle  which  is  formed  by  lever  O  B 
and  the  road  wheel  rolling  plane  as  ex  . 

We  will  designate  the  value  of  the  angle  Of  of  completely  un¬ 
loaded  springs  as  Of  . 

The  angle  formed  by  the  spring  axis  and  the  lever  O  B  is 
designated  as  and  the  value  of  this  angle  with  unloaded  springs 
as  A  .  Then  we  can  assume  that  if  (X  is  not  equal 

to  0. 


We  now  wish  to  set  up  the  formula  for  the  spring  tension  of 
springs  during  vertical  shift  of  the  road  wheel  relative  to  the  hull 
by  the  value  of  z.  This  expression  appears  in  the  following  for¬ 
mula  (a): 


*«=e(sin«  —  sin  «j) 


(a) 


Figure  17.  Road  Wheel  on  the  Tank  Hull 

The  full  deflection  of  the  spring  f  will  be  expressed  in  the 
following  formula: 

fP=  *  [cos  (ft  -f  #s)  —  cos  (ft  +  (b) 

The  spring  tension  is  determined  by  the  following  equation: 

JL  /*  1 

V,  «  ~  Ap  a*  [cos  (ft  +  *o) —  co*  (ft  +•  «f)?- 

The  derivative  of  spring  tension  of  the  spring  according  to  the 
vertical  shift  of  the  road  wheel  will  be  expressed  in  the  following 
equation: 


dVp  _  dVydg  _ 
dr  d  or  d  2 

«  A,  o*  (cos(ft  +(*,) — cos(ft  +  «)]sin  (ft  +  a)  (c) 


We  now  wish  to  remove  the  lever  O  B  and  to  connect  the  road 
wheel  by  a  spring  without  a  lever  (see  Fig.  17b)  to  the  tank  hull. 

The  power  efficiency  of  these  substitute  springs  which  corres¬ 
ponds  to  the  vertical  shift  of  the  road  wheel  by  the  value  z,  will 
be  as  follows:  1 

y  =  —  =>  «  -i-  h  b%  (sin  a — sin  otj)*. 
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The  temper  of  the  substitute  spring  will  be  expressed  in  the 
following  formula: 

d  V  dVAoc  .  .  dot  ,,, 

-  »  —  =AJ*  (sin« — sin  o',,)  coa«  — —  •  (d) 

dz  di*d!  it 


If  we  equate  the  right  halves  of  Eqs.  (c)  and  (d),  we  obtain: 
V  [ce*(0o  4-«o)  —  cesfA-f  or)],  sin  (flt  +  et)  =  k  li*  (sin  « — sin  of0)  cos  ec  (9) 


L  «* 

*Vir 


However,  if  ^8  does  not  equal  90°,  we  must  conclude  from 
Eq.  (9)  that  the  value  of  the  assumed  temper  is  stipulated  by  the 
variable  angle  <X  which  in  turn  is  stipulated  by  the  deflection  of 
the  spring  f  according  to  Eq.  (b). 

Consequently,  if  fi  does  not  equal  90°,  the  assumed  tem¬ 
per  forms  a  function  of  spring  deflection  f  . 

In  order  to  make  the  calculation  of  road  wheel  loads  less  in¬ 
volved,  and  in  order  to  be  in  a  position  to  make  use  of  these  cal¬ 
culations  of  the  preceding  section,  we  will  not  assume  that  JH  Q 
equals  90°  or  that  the  value  of  the  assumed  temper  is  a  constant 
value  so  that  an  error  in  determining  the  wheel  loads  will  be  as 
slight  as  possible. 

We  will  assume  that  the  spring  deflection  equals  approximately 
fp  and  proceed  on  the  assumption  that  the  static  spring  deflection 
of  the  sprung  tank  weight  usually  makes  up  one -half  to  one -third  of 
the  maximum  deflection  fp  max  allowed  by  the  suspension  design, 
i.  e. 

f?  max  s  /  n.  fp  nUl 

T"'  .  'p  .  s  *  ; 

Consequently  it  is  reasonable  to  assume  that  fp  =  fpmax/2.  5 
if  the  calculation  angle  G *  required  to  determine  the  assumed  tem¬ 
per  h,  is  determined  according  to  equation  (b). 


When  we  have  determined  angle  C*  we  will  determine  the 
approximate  expression  for  the  assumed  modulus  according  to 
Eq.  (9)  which  in  this  case  we  can  write  in  the  following  form: 

—■ft"" *in  -  (1 

r  r  2,o  (sin  ot —  Bin  cc0)  eo a  oe 


216. 


We  now  wish  to  evaluate  the  error  which  can  occur  in  such 
an  approximate  determination  of  the  value  of  the  assumed  modulus 


and 


For  example,  we  wish  to  assume  that 

fp  max  =  0,66  & 


A)  =  75°;  —  10° 


We  determine  the  mathematical  value  of  the  angle  0<  in  which 
we  take  the  following  relationship  as  a  basis: 


V  —  2^  ;  fr  =  —  »[eos  0O  -f  «,)• —  cos  (j)0  +  «)]  . 


When  we  replace  their  values  for  fp  max  »  C*  Q  and  J3 Q,  we 
obtain: 


0,264  =cos  (75°  —  10°)  —  cog  (75°  +  a), 
cos  (75°  +  *)  =  0,1586,  *=*  6°  50'. 


The  value  of  the  apparent  spring  temper  corresponding  to  this 
angle  C<  will  be  the  following: 


o’  0,66  sin  (75°  +  5°  SO1) 

5*  2,5  (sin  5°  50'  +  sin  10°)  cos  &*  SV 


0,95  h  • 


In  such  a  determination  of  the  value  of  apparent  spring  temper 
we  will  achieve  the  maximum  error  if  in  reality  it  turns  out  that 


or  that 


tpm»x  , 

~7T 


that 


We  will  assume  that  the  actual  spring  deflection  will  be  such 


i.  e.  that 


jjgmMC  ^2 

■  V 


•ft -A 


The  angle  &  corresponding  to  this  deflection  will  be  deter¬ 
mined  by  the  following  equation: 


0,33  =cos  (75*  —  10°)  —  cos  (75°  +  <*). 


The  result  is  that: 


eos  (75°  +  *)  =  0,926, 
*  =  9°  40'. 
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The  value  of  the  apparent  spring  temper  will  be  expressed 
in  the  following  equation: 


0,66  sin  (75* +  9°  40')  .  a* 

2  (sin  9*40'  +  sin  10*)  cos  9*  40’  _  ' 


Accordingly,  the  maximum  error  in  the  determination  of  the 
value  of  assumed  spring  temper  will  be  represented  in  the  follow¬ 
ing  equation: 


0.975  A,  £-0,950  A, — 
0.915 


■  100=2,6%. 


If  the  actual  deflection  of  the  springs  was  such  that  fpmax/ 
fp  =  3,  this  maximum  error  would  be  2.  15%. 

In  ordinary  calculations  such  errors  are  completely  permis¬ 
sible. 


Figure  18.  Anchoring  of  the  Road  Wheel  on  the  Tank  Hull 


In  the  case  of  a  swing  arm  support  with  individual  springs,  as 
depicted  in  Fig.  3,  we  will  encounter  the  same  formulas  that  we 
determined  with  regard  to  individual  springs  on  Figs.  2  and  17,  if 
we  designate  the  angle  between  lever  O  B  (Fig.  18)  and  the  plane 
of  travel  as  ©<  and  the  angle  between  the  spring  axis  and  the  lever 
O  A  at  =  0  as  and  proceed  on  the  same  considerations. 


5.  Determination  of  the  Road  Wheel  Loads  on  Bogie  Wheel 

Suspension  Frames 

For  the  purpose  of  determining  the  road  wheel  loads  on  bogie 
wheel  suspension  frames  we  wish  to  first  determine  the  vertical 
loads  of  individual  bogie  wheel  suspension  frames. 

As  soon  as  we  have  determined  the  vertical  loads  of  bogie 
wheel  suspension  frames,  we  determine  the  bogie  wheel  loads  as 
well,  where  we  take  the  equilibrium  of  each  individual  unit  as  a 
basis. 

We  now  wish  to  determine  the  vertical  loads  and  of 
the  axes  of  the  front  and  rear  bogie  wheel  suspension  frame 
(Fig.  19). 


Figure  19.  Forces  Exerted  on  the  Bogie  Wheel  Suspension 

Frame 


For  this  purpose  we  utilize  an  equation  for  the  moments  of 
forces  which  are  exerted  on  the  support  of  the  last  road  wheel, 
as  well  as  a  second  equation  for  the  front  bogie  wheel  suspension 
frame  axis.  These  equations  are 


-  Tx  I  +  Q  (l,  -  *  -  fy  +  P  (e - k)  =  0,  t 

—  <Hh+  *+  f<)  +  k  —  lsiny)  f  ’ 


k  is  the  length  of  the  plumb  line  which  we  suspend  from  the 
axis  of  the  rear  .bogie  wheel  suspension  frame  onto  the  plane  of 
the  climbing  track. 
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From  Figs.  20  and  21  it  is  easy  to  see  that  the  following 
equation  applies  for  the  bogie  wheel  suspension  frame  with  two 
road  wheels: 

k  =  t  +  «r4  «in  y  (c  —  r)  co*  y 


and  for  the  bogie  wheel  suspension  frame  with  four  road  wheels: 

Jfc  *  r  +  (a,  +  bt)  sin  y  +  P  {e  —  r)  cos  y. 

From  these  equations  (a)  we  obtain  the  following: 


The  normal  loads  Tj  and  T2  are  distributed  onto  the  bogie 
wheel  suspension  frame  on  the  left  and  right  side  of  the  tank  in 
direct  ratio  to  the  loads  Q'  and  Q"  by  the  weight  of  the  tank  on 
the  right  and  left  track;  this  means  that: 

T‘,  T’,  ^ 

and  !TTT  (b) 

7".  J.  q 

Ttm  rtmT  . 
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Tj  and  T^'  are  the  vertical  loads  on  the  right  front  and  rear 
of  the  bogie  wheel  suspension  frame:  T"  and  T!,'  are  the  vertical 
loads  on  the  left  front  and  rear  side  of  the  bogie  wheel  suspension 
frame. 

On  the  other  hand,  the  vertical  loads  Q'  and  Q"  through  the 
weight  of  the  tank  on  the  right  and  left  tank  track  are  determined 
by  the  following  equations : 


The  result  is 


Consequently, 


e(4  +  »)  =  «'« 


T\  f,  | 

T"  T','  i 

t,  *17*  t  + 


Accordingly  we  determine: 


(d) 


(e) 


(13) 


Figure  22.  Forces  Exerted  on  the  Front  Bogie  Wheel  Suspension 

Frame 
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Because  the  forces  being  exerted  on  the  bogie  wheel  suspen¬ 
sion  frame  --  right  and  left  side  --  are  similar  in  nature,  in  our 
further  studies  we  will  limit  ourselves  to  considering  only  one 
side;  thus  the  designation  "omitted". 

We  wish  to  determine  the  longitudinal  load  Sj  of  the  axle  on 
the  front  of  the  bogie  wheel  suspension  frame  (Fig.  22).  To  achieve 
this,  we  set  up  equations  for  the  horizontal  forces: 

X*~fQ>  +  IQt=  Pi+  Pt: 

*.  +  *«  =  &+<?,= 

In  addition,  we  have  the  following  equations  on  the  basis  of 
Equation  (1): 

ft-*.;  = 

Consequently: 


S,  =  *,  +  Mt+Qi) «  f  (*,  +  Nt)  -  f  r,  (14) 


Figure  23.  Forces  Being  Exerted  on  the  Rear  of  the  Bogie  Wheel 

Suspension  Frame 


Then  we  wish  to  consider  the  longitudinal  load  on  the  rear 
of  the  bogie  wheel  suspension  frame  (Fig.  23).  We  set  up  equations 
for  the  horizontal  forces: 


*,+  *«=  T.  ) 


(f) 
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In  addition,  we  have  the  following  equations  on  the  basis  of 
Equations  (1)  and  (2): 

Qt  —  Xt—Ps’my, 

P*  —  f  P  (1— cos  y). 


Consequently: 


=  Pt  +  P*  -  f  ($,  +  <?,)—  P(l-cos  y) 
==/(-^*+^4 — Ptiny) — P{1 — cosy) 
—  f(  Ta—  P  sin  y) —  P  (1 — cos  y). 


(15) 


If  we  know  the  vertical  and  longitudinal  loads  on  the  bogie 
wheel  suspension  frame  axis,  we  can  determine  the  vertical  loads 
on  the  road  wheel  axis. 

We  now  wish  to  select  an  equation  for  the  moments  of  the 
forces  being  exerted  on  the  front  of  the  bogie  wheel  suspension 
frame  around  the  axis  of  the  second  road  wheel,  and  a  second 
equation  for  the  moments  around  the  axis  of  the  first  road  wheel 
(Fig.  22): 

St  (e— r)=0  J 

—  +*>»— Sx(‘—  ')«*<>  J 


From  this  we  determine 


Tj  a,  +  Si  (e  f)  jy  _  Ti*i  S ,  (e  r) 

*1,2  ’  *1,2 


(16) 


In  precisely  the  same  way  we  now  determine  the  vertical 
loads  of  the  road  wheel  axis  on  the  rear  of  the  bogie  wheel  suspen¬ 
sion  frame: 


Tt  at  4-  S}  (g —  r) 
°3.4 


ond  Nt 


(fi —  r ) 
°3.4  * 


(17) 


After  we  have  determined  the  vertical  loads  on  the  road  wheels 
we  can  also  determine  the  vertical  reactions  Qj  of  the  ground 
under  the  road  wheels  and  then  also  the  longitudinal  loads  Pj  of 
the  road  wheel  axes  by  using  formulas  (1)  and  (2). 


The  road  wheel  loads  with  which  the  bogie  wheel  suspension 
frame  has  4  road  wheels  (Figs.  5  and  24)  were  determined  in  the 
same  manner  as  road  wheel  loads  where  the  bogie  wheel  suspen¬ 
sion  frame  had  two  road  wheels. 


Figure  24.  Bogie  Wheel  Suspension  Frame 

After  we  have  first  determined  the  vertical  loads  Tj  and  T2 
of  the  front  and  rear  bogie  wheel  suspension  frame  according  to 
formulas  (12),  we  now  wish  to  determine  the  distribution  of  these 
loads  on  the  right  and  left  bogie  wheel  suspension  frame  of  the 
suspension  according  to  formulas  (13). 

Then  we  wish  to  compile  the  equations  for  the  horizontal  forces 
which  are  exerted  on  each  of  these  bogie  wheel  suspension  frames 
and  to  determine  the  longitudinal  loads  Sj  and  S2  of  the  bogie 
wheel  suspension  frame  axes  so  as  to  determine  finally  the  normal 
loads  Tj  2»  T3  4>  Tg  g  and  T-^g  on  the  axis  of  the  center  of  the 
bogie  wheel  suspension  frame  a^  ^ ,  a^  a^  g  and  a^  g  which 
the  road  wheels  compile  in  pairs.* 

After  we  have  determined  the  vertical  loads  on  the  axis  of  the 
center  bogie  wheel  suspension  frame,  we  determine  the  longitudinal 
loads  2»  ^3  4,  S5  ^  and  S7  g  on  the  axis  of  this  bogie  wheel 
suspension  frame  and  in  addition,  the  vertical  loads  on  the  road 
wheels  whereby  we  proceed  from  the  equilibrium  conditions  of  all 
auxiliary  swing  arms  individually. 


* 


» 


L 
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The  final  expressions  for  determining  the  loads  of  the  track 
and  suspension  axis  and  of.  the  road  wheels  are  compiled  in  the 
following  table  without  derivations. 

Formulas  for  determining  the  loads  of  the  swing  arms  and  on  the 
road  wheels  of  bogie  wheel  suspension  frames  with  four  road 
wheels: 


Front  Bogie  Wheel  Suspension  Frame 
j  _  it  +  S,  (e — ft)  ^i,2  a«  +  &i,2  &  r) 

1  K2 - r  At  =  - - - 


'1.1 


1,2 


s.,i  -rItl/ 

T  _  7 l  (e  l‘) 

M - — 


rUa»— Sl,2  0*~  '> 

al.2 


W 


^  _  Thi  tt*  it  fgli 

*3,4 

„  r3.4al-.^3.4^-r) 


“3,4 


Rear  Bogie  Wheel  Suspension  Frame 


St—f(T» —  Psin  y) —  P  (1 — cos  y) 

Ni_TJL*a>+S**{M~'T) 


T  -  Ttbt  +  $t(i - ft) 

M  ^ - 


SS,6  ~  7 5,6  f 


Tjbi—  S,  (e—ft) 


N, 


7S,l  *» —  ^5,6  (P _ T}_ 


“5,8 


71,8  a*  ^7,8 
°7.8 

_  ,  T,.a,  —  S7R(P  — r) 

*r.8  *  /  fT7.8—  ^ «fa y)—  P(l-  ccy)  A,  =  -  • 

°23 


6.  Hull  Vibrations 

a)  The  most  important  types  of  tank  vibrations  and  their 
influence  on  firing. 

During  travel,  the  tank  rolls  over  uneven  spots  on  the  road. 
Thereby  it  is  subjected  to  shocks  which  set  off  vibrations  in  the 
tank  hull  and  in  its  track  and  suspension.  These  vibrations  are  of 
a  complex  nature,  because  they  are  made  up  of  various  motions, 
the  mutual  influence  of  which  depends  on  the  coupling  factor. 


225. 


The  track  and  suspension  of  recent  tanks  are  built  in  such 
a  way  that  the  tank  hull  vibrates  around  three  axes  due  to  the 
elastic  deformation  of  the  springs. 

In  accordance  with  these  three  axes  of  vibration,  the  tank  is 
subjected  to  three  basic  types  of  vibrations: 

1.  Vertical  vibrations  of  the  tank  center  of  gravity. 

2.  Pitching  vibrations  around  its  transverse  axis. 

3.  Torsional  vibrations  around  its  longitudinal  axis. 

These  three  types  of  vibration  occur  simultaneously.  They 
reduce  the  effectiveness  of  the  weapons  considerably  during  move¬ 
ment,  lead  to  an  abrupt  increase  of  equipment  wear  and  cause  the 
tank  crew  to  tire  more  quickly. 

Vertical  vibrations  of  the  tank  hull  center  of  gravity,  if  there 
are  no  torsional  vibrations,  cause  a  continuous  shift  of  the  weapons 
barrel  upward  and  downward. 

Such  weapons  vibrations  would  cause  no  significant  misses  if 
the  gunner  himself  were  not  subject  to  their  effects. 

The  significant  forces  of  these  alternating  accelerations  of  the 
tank  hull  which  are  caused  by  vertical  vibrations  of  the  hull  center 
of  gravity,  hinder  the  gunner  and  keep  him  from  maintaining  the 
target  in  his  view  so  that  the  weapon  is  incorrectly  aimed,  thus 
reducing  weapon  efficiency. 

The  torsional  vibrations  around  the  longitudinal  axis  cause  the 
barrel  to  vibrate  in  the  direction  of  the  lowered  trunnion  whereby 
the  miss  may  be  considerable  if  the  shot  was  fired  at  great  elevation. 

The  angle  of  elevation  is  usually  small  when  firing  from  a 
moving  tank  because  only  small  ranges  are  used.  Consequently, 
the  tilt  of  the  trunnion  which  is  caused  by  torsional  vibrations  is  of 
insignificant  influence  on  effective  firing  when  firing  from  move¬ 
ment. 

The  hit  effect  when  firing  from  a  moving  tank  is  sharply  re¬ 
duced  by  the  vibrations  of  the  barrel  in  the  traversing  plane. 

When  the  weapons  barrel  undergoes  pitching  vibrations,  changes 
occur  in  the  elevation  angle  which  may  cause  the  shot  to  miss  by  a 
considerable  distance. 
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Pitch  vibrations  of  the  barrel  can  also  cause  a  considerable 
miss  of  the  target  when  the  shot  was  fired  by  direct  vision.  This 
phenomenon  is  explained  by  the  fact  that  the  shot  was  not  fired  at 
once  but  after  a  certain  span  of  time,  usually  designated  as  firing 
lag. 


During  the  course  of  this  short  time  span  the  angle  of  elevation 
may  change  from  its  original  value. 

Of  course  we  must  not  conclude  from  this  information  that 
firing  must  necessarily  be  inaccurate  from  movement. 

A  well  trained  gunner  will  always  be  able  to  adjust  to  the  situ¬ 
ation,  and  fire  an  accurate  shot  at  the  appropriate  time.  In  addition 
there  are  special  measures  for  increasing  the  hit  effect  when  firing 
from  a  moving  tank  and  for  easing  the  duties  of  the  gunner. 

From  this  information  it  is  clear  that  tank  hull  vibrations  are 
of  considerable  significance.  Thus  this  area  should  be  discussed 
in  more  detail  in  conjunction  with  differential  equations  for  free 
vibrations  of  the  tank  hull. 


b)  Differential  equation  for  free  vibrations  of  the  tank  hull  in 
the  case  of  swing  arm  suspension  of  the  tank. 


We  wish  to  introduce  the  following  designations: 

z  =  vertical  shift  of  the  hull  center  of  gravity  (Fig.  25). 

Y  =  pitching  vibration  of  the  tank  hull  around  its  transverse 
axis  passing  through  the  center  of  gravity. 

Q  =  torsional  vibration  of  the  tank  hull  around  its  longitudinal 
axis  X,  which  passes  through  the  center  of  gravity  (Fig. 
26). 

The  coordinates  z,  Iff  and  Q  are  read  from  the  vibration 
center  point,  where  we  proceed  on  the  assumption  that  the  angles 
V  and  Q  are  positive  values  which  are  transmitted  to  the  rear 
and  left  side  by  the  torsional  vibrations  of  the  tank  hull. 


If  the  tank  hull  deviates  from  the  position  of  equilibrium,  the 
springs  are  additionally  deflected  and  generate  the  rectifying  force 
N  and  the  rectifying  moments  Mx  and  My,  which  demonstrate  a 
tendency  to  bring  the  tank  hull  back  into  a  position  of  equilibrium: 


-e  +  /','+  C  +  f.) 

Mf  ■  +  /i )  —  +  /T)I 


(a) 
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f^  and  {'2  are  the  dynamic  deflections  of  the  springs  of  the 
bogie  wheel  suspension  frame  on  the  right  side  of  the  tank  and 

f'j  and  f  2  are  the  same  on  the  left  side  of  the  tank,  while 

c  is  the  spring  temper  of  the  bogie  wheel  suspension  frame. 


Figure  25.  Pitching  Vibrations  of  the  Tank  Hull 


To  obtain  differential  equations  of  the  free  vibrations  of  the 
tank  hull,  we  wish  to  determine  the  dynamic  deflections  of  the 
springs  by  the  coordinates  z,  yt  and  0  where,  with  consideration 
of  the  small  values  of  angles  y  and  0,  we  are  assuming  that 
sin  yt  ~  and  0=0. 


f.-*+  ^*-4® 


(b) 


When  we  substitute  the  values  under  (b)  of  the  dynamic  spring 
deflection  into  formulas  under  fa),  we  will  determine  the  following 
equations: 


#  =  —  4  m  *+  **"(1,— lt)v; 
M,  -  2  m  (!» — I.)  i-2  m  + 1\)  ^ 
Mx  «=  — m  8*0 


The  rectifying  force  and  the  rectifying  moments  will  be  equal¬ 
ized  at  an  arbitrary  point  of  time  by  the  force  of  inertia  and  the 
moments  of  inert  forces  of  the  tank: 


f  di* 

w  .  d*e  * 
ut-it  -jjr  -» 


(d) 
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where  J  and  J  are  the  moments  of  inertia  of  the  tank  hull 
x  y 

around  its  longitudinal  and  transverse  axis  which  pass  through 
the  center  of  gravity. 


Position  of  the  Center  of  Equilibrium 


Figure  26.  Transverse  Vibrations  of  the  Tank  Hull 


G  --  is  the  sprung  weight  of  the  tank. 

If  we  substitute  the  expressions  under  (c)  into  the  equations 

(d)  and  for  purposes  of  simplification  substitute  the  letters  z, 

V  and  0  for  the  accelerations  ***?  ..  .  d*J> 

T  ao'T?  ®nd'dir 

we  obtain  the  differential  equations  for  the  free  vibrations  of  the 

tank  hull. 


(18) 

(19) 

(20) 

We  will  now  begin  with  the  solution  of  these  differential 
equations  by  first  solving  equation  (20). 


a  .. 

—  z  +  4c  z— 2  eflj— II)V  =  ©  •  -  .  • 
/,’y —a  c(l,— l,)  3  +  2 e(j!+  £)y>=  & 
JxB+e /.  ........ 


We  set  c  B* 

-j7=* 


©+**©=  0 


(21) 


We  compile  a  characteristic  equation  l,  +  k,  =  0. 


The  roots  of  this  characteristic  equation  are  imaginary: 

1=  ± 
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Consequently,  the  general  solution  of  our  differential  equation 
(21)  will  be  as  follows: 

&  “  cos  k  t  -f-  At  sin  k  i  (22) 

In  this  equation  and  A ^  are  the  arbitrary  constant 
values. 


We  are  assuming  that 

A,  =  A  tin  a 

and 

AtmAcoaet 

and  write  the  general  equation  in  the  following  form: 


&  =  A  ain  (lb  t+tt) 


(22') 


in  which  A  and  Of  are  arbitrarily  constant  values. 

A  and  Of  are  the  vibration  amplitude  and  the  phase  of  the 
torsion -transverse  vibrations;  they  were  determined  according  to 
the  initial  preconditions. 

•  • 

We  are  assuming  that  t  =  0;  ©  =  0O  and  0  =  ©Q  . 

When  we  substitute  these  basic  values  into  Eq.  (22*)  and  the 
equation  0  =  A  k  cos  (kt  +  C<  )  which  we  obtain  by  differentiating 
Eq.  (22*)  according  to  time,  we  obtain  the  following  equation: 


'  9\ 

®.  +  -jr 


The  movement  represents  a  harmonic  vibrator  of  the  vibration 
rate  k,  where 


We  will  how  attempt  to  solve  Eqs.  (18)  and  (19).  We  note  that 
lj  —  12  =  0  and  that  the  following  Eqs.  (18)  and  (19)  were  simpli¬ 
fied  if  the  tank  hull  center  of  gravity  lies  above  the  center  of  the 
tank  support  surface: 

■y  S  +  4d-6  (18') 

«/,*+  2«(£+  C)ye  6  (19') 
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We  introduce  the  following  designations: 

g  =p” 

~V " 

After  substituting  these  designations  into  formulas  (18')  and 
(191)  this  will  have  the  following  appearance: 


•*  ■ 

a  +  p,  2  =  0 

V  +  ply  =  0 


(24) 


The  equations  (24)  were  solved  in  the  same  manner  as  Eq.(21) 
and  will  have  the  following  appearance: 


a-C»sin  (ftt+fi,)  I 
y  —  Cf  sin  (p*  <  -bfit)  J 


(25) 


where  C^,  A  and  C 2,  ^  2  are  arbitrarily  constant  values  which 
were  determined  according  to  the  initial  conditions. 

We  are  assuming  that  t  =  0  and  that  therefore  the  following 
equations  result: 

*=*#;  v— Vo- 


With  these  initial  preconditions,  the  arbitrarily  constant  values 
Cj,  C2,  p  1  and p  2  he  as  follows: 


*8  A  -  Pi^N- 


(26) 


(27) 


In  this  manner  the  vertical  vibrations  of  the  center  of  gravity 
become  harmonic  vibrations  of  the  vibration  rate  eg  ^  if  the  tank 
center  of  gravity  lies  above  the  center  surface  of  the  tank,  where 


231. 


The  pitch  vibrations  of  the  tank  hull  in  this  case  will  occur 
with  the  frequency  OJ 

^-i/EE3 


We  will  now  turn  to  the  general  case  when  the  center  of  gravity 
does  not  lie  on  the  center  surface  of  the  tank  hull  and  consequently: 

0- 

In  consideration  of  this  general  case,  we  will  select  the  follow¬ 
ing  designations: 

4<g 


2  c  (i,  —  Ia)  9  _  t 

- g - 

itjU-h)  _  .. 

*e(»;+  l!) 


After  substituting  these  designations  into  Eqs.  (18)  and  (19) 


at+by—0  | 
e*  +  es>**0  J 


If  the  movement  is  of  a  vibrational  kind,  we  obtain  the  solutions 
of  Eqs.  (28)  in  the  following  form: 


*  =  C,  •  «in  (v  t  +0)  1 
V=C,m n(u>  1+0)  J 


When  we  substitute  these  values  z  and  "Iff  as  well  as  their 
secondary  derivations  into  Eq.  (28)  and  shorten  with  sin  (Ut  ), 
we  obtain: 


7,  (a— w')  +  C«6  =  0  1 

CjK+C,  (e — «?)  =  0  J 


If  we  eliminate  the  constant  values  Cj  and  C2  from  this  Eq. 
(30),  we  obtain 

(« — eu*)  (« — in9) — b  u  =  0  (31) 

The  roots  of  Eq.  (31),  which  is  considered  an  equation  for  0)^ , 
are  as  follows: 

.  X  -L  X  h  u  1 


=2 -(*+*) +  Y  ^  (*-*)*+ 

'*  *■=  -J  («  +  «)  —  d’  + 
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We  make  reference  to  the  fact  that  these  roots  are  always 
real  and  positive.  The  proof  of  this  relation  can  be  found  in  any 
instruction  book  on  vibrations. 


If  we  extract  the  square  root  from  the  positive  values 
and  lH  2>  we  obtain  two  solutions  (xi  =  and  <4=  from 

which  we  can  determine  special  solutions  of  the  type  (29)  accord¬ 
ing  to  the  equation  system  (28).  The  root  GJj  will  correspond 
to  this  special  solution: 


V»fn  =  c£' )  tin  (eu,  *  4  /S*'1)-  ( 


The  root  U)  £  will  correspond  to  another  special  solution: 


z(3)  «=  C^11  sin  (iuj  t  +  J 

sin  (u«,  t  +  J 


(34) 


The  initial  conditions  do  not  influence  phase  (B).  For  this 
reason  the  constant  values  P  ( 1 )  and  P  remain  arbitrary.  On 
the  other  hand,  the  constant  values  c(l)  and  C(|)  must 

correspond  to  equations  (30). 


We  select  one  of  the  roots,  i.e.  the  root 
into  Eq.  (30)  and  determine  that  this  root  is  of  th 
ratio  Cj/C2 


f 

e 


substitute  it 
corresponding 


From  this  it  is  logical,  if  we  assume  that 

C^’ss  Dx  H 

and 

=  -  p. 

where  Dj  is  an  arbitrarily  constant  value  ,  that  Eqs.  (30)  can  be 
solved. 

Of  course  we  could  assume  just  as  well  that 

and 

=  -  o\c 


where 


D'^is  an  arbitrarily  constant  value. 
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In  a  similar  manner  we  determine  the  values  of  the  constant 
quantities  Cj  and  with  Cu  =  U)  2: 

C*1'  =  D,  4 

C***  =  —  Dt  (at  —  u,) 

where  D£  is  an  arbitrarily  constant  value. 

In  this  manner,  special  equations  (33)  and  (34)  will  finally 
have  the  following  form: 

a*1*  =  O,  4  *in  (u/,  t  + 
ym«»  —  D,  Ct  —  m/f)  sin  (u,  t  +  pP'*) 

=  Dtk*\n  +  P^) 
tfti)  =  —  (at  -  **(  sin  (utti  +  ff**\  . 

According  to  the  known  characteristic  of  the  linear  equations, 
the  sum  of  the  special  solutions  is  likewise  a  solution.  Conse¬ 
quently,  the  total  solution  of  the  equation  system  (28)  will  be  with 
four  arbitrarily  constant  values: 

*  m  O,  6  *in  (iu,  f  4  P(*^)  +  Ptl  «in  (ujt4  4 
V  -  -  (at-*.)  +J}10'—  Pa(oe-u4>sin  («.,+  +/a')  .  (35) 

From  this  it  is  clear  that  each  of  the  coordinates  z  and  y 
gives  that  vibrational  movement  of  the  tank  at  which  it  is  subjected 
to  two  harmonic  vibrations:  one  with  the  vibration  rate  Co\  and 
the  other  with  the  vibration  rate  <$2.  whereby  these  harmonic  vi¬ 
brations  overlap. 

c)  The  differential  equations  of  the  free  vibrations  of  the  tank 
hull  with  the  road  wheels  having  individual  springs. 

We  will  now  proceed  to  the  consideration  of  free  vibrations  of 
the  tank  hull  when  the  road  wheels  have  individual  springs  and 
again  designate  the  vertical  shift  of  the  tank  hull  center  of  gravity 
from  the  position  of  equilibrium  as  z  (Fig.  27)  and  as  “\y  and  © 
the  angular  deflection  of  the  tank  hull  towards  the  position  of  equi¬ 
librium  during  tipping  around  the  transverse  and  longitudinal  axis 
X  and  Y,  which  pass  through  the  center  point  of  vibration  (Figs. 

27  and  28). 

When  the  tank  hull  deviates  from  the  position  of  equilibrium, 
it  will  feel  the  effect  of  the  rectifying  force  N  and  of  the  rectify¬ 
ing  moments  Mjj  and  My  which  tend  to  bring  it  back  into  a 
position  of  equilibrium. 


(33') 

(34') 
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Position  of  Equilibrium 


Figure  2  7.  Vibrations  of  the  Tank  Hull  in  the  Longitudinal  Plane 

of  the  Tank,  the  road  wheels  having  individual  springs. 

Position  of  Equilibrium 


Figure  28.  Transverse  Vibrations  of  the  Tank  Hull,  the  road 
wheels  having  individual  springs. 

VtIK  +  O  (a) 

*,-•.21  «+Q<>. 

where  f^  and  f"  --  the  dynamic  deflections  of  the  vehicle  springs 
on  the  right  and  left  side, 

n  --  the  number  of  road  wheels  on  one  side,  and 

L  --  distances  from  the  transverse  surface  of  the  tank  hull 
through  the  center  of  gravity  up  to  the  road  wheel  axes. 
The  distances  ^  in  the  direction  toward  the  tank  front 
are  positive,  while  those  directed  toward  the  rear  will  be 
considered  as  negative. 
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c  --  is  the  apparent  spring  temper. 
B  --is  the  tank  track  width. 


We  will  designate  the  additional  spring  deflections  by  the  co¬ 
ordinates  z,  Y  an^  ®>  then  the  following  equations  will  be 
formed: 


/?-*—  t(y+  4© 


•  ») 


(b) 


If  we  substitute  values  (b)  of  the  additional  spring  deflections 
into  the  formulas  (a),  we  will  obtain  the  following  equations: 


1V  = 
*«- 


—  2<n*+  iey  JjT 

2ez  £ 


(c) 


The  rectifying  force  and  the  rectifying  moments  will  be  equal¬ 
ized  at  an  arbitrary  point  in  time  by  the  force  of  inertia  and  the 
moments  of  the  force  of  inertia  of  the  tank  hull;  this  means  that: 

A  — *0 

o  (d) 


If  we  substitute  expressions  (c)  for  the  rectifying  force  and 
the  rectifying  moments  into  equations  (d),  we  obtain  the  differential 
equations  of  the  free  vibrations  of  the  tank  hull. 


J,  v  — 
J,§  + 


2  cnt  —  Itvgh-O 
tnB*  „ 


=  0 


(36) 


When  we  introduce  the  expressions: 


2c£  U 

*«2< 
j,  ** 

2  Jt 


we  will  be  able  to  rewrite  Eqs.  (36)  in  the  following  form: 


z  +n+iyn 
ip  +  cz+  ep 
9  +  k2  0  <=  0 


(36') 


We  refer  to  the  fact  that  the  obtained  equations  (36')  are  in 
no  way  different  in  outer  appearance  from  the  differential  equa¬ 
tions  (21)  and  (28)  of  the  free  vibrations  of  the  tank  hull  with 
swing  arm  suspension. 

For  this  reason  we  do  not  wish  to  dwell  on  the  solution  of 
equations  (36'),  for  otherwise  we  would  have  to  repeat  all  our 
considerations  which  we  have  already  used  in  the  solution  of 
equations  (21)  and  (28). 

d)  Estimation  of  Driving  Characteristic 

Because  the  tank  is  primarily  a  platform  for  firing  weapons, 
its  driving  characteristic  must  be  judged  according  to  the  effect 
of  the  weapons  under  movement. 

It  has  already  been  mentioned  that  the  effect  of  the  weapons 
from  movement  is  reduced  mainly  for  the  following  reasons: 

a)  by  a  change  of  the  weapon's  elevation  angle  during  firing, 

b)  by  the  gunner's  eye  moving  on  the  eyepiece  of  the  teles¬ 
copic  sight. 

The  change  of  the  weapon's  angle  of  elevation  while  the  shot 
is  being  fired  corresponds  to  the  product  of  the  angular  mean 
velocity  of  the  tank's  vibrational  movement  and  the  time  for  the 
shot  to  be  fired. 

It  is  completely  clear  that  with  the  reduction  of  velocity  of 
the  torsional,  longitudinal  and  transverse  vibrations  of  the  tank 
hull,  the  change  of  the  weapon's  elevation  angle  during  the  time 
the  shot  is  being  fired  will  be  reduced. 


237. 


The  movement  of  the  gunner's  eye  from  the  eyepiece  of  the 
telescopic  sight  is  stipulated  by  significant  changes  (accelerations) 
of  the  vertical  vibrations  of  the  tank  hull  center  of  gravity.  With 
a  reduction  of  this  shift  acceleration,  the  movement  of  the  gunner's 
eye  from  the  eyepiece  of  the  telescopic  sight  will  also  be  reduced. 

Accordingly,  the  values  of  angular  velocities  of  the  pitching 
and  transverse  vibrations  of  the  tank  hull  as  well  as  the  value  of 
the  angular  acceleration  of  vertical  vibrations  of  the  tank  hull 
must  be  considered  important  for  evaluating  the  uniformity  of  tank 
travel. 

A  tank  with  road  wheels  having  individual  springs  should  serve 
as  an  example  (Figs.  27  and  28). 

We  wish  to  consider  the  angular  velocities  of  the  longitudinal 
and  transverse  vibrations  of  the  tank  hull  as  well  as  the  accelera¬ 
tion  of  vertical  vibrations  of  the  center  of  gravity  which  occur 
during  the  rolling  of  the  road  wheel,  i.e.  the  first  road  wheel  on 
the  right  side  over  some  ground  unevenness. 

When  the  road  wheel  rolls  over  the  elevation,  the  spring  will 
be  compressed  by  the  amount  fj'  . 

In  the  same  measure  as  the  road  wheel  rolls  over  the  elevation, 
the  additional  deflection  of  the  spring  f^  will  change  and  can  be 
considered  as  a  certain  function  of  time  t. 

6  ■=  p  (*)• 

At  the  prevailing  tank  traveling  speed,  the  type  of  the  function 
ip  (t)  will  be  stipulated  exclusively  by  the  longitudinal  profile  of 
the  ground  elevation  over  which  the  road  wheel  rolls. 

When  spring  deflection  changes,  some  kind  of  reaction  occurs 
which  affects  the  tank  hull  along  the  spring  axis  and  equals  the 
product  of  spring  temper  and  the  additional  spring  deflection. 

Consequently,  the  right  halves  of  the  differential  equations  of 
vibration  movement  of  the  tank  hull  will  no  longer  exhibit  the  value 
zero,  but  instead  of  Eqs.  (36)  will  exhibit  the  following  values: 


—  *  +  2e  nz-letp  £  *<«  cpV) 

J/v  —  +  l>  =  c,» *(f) 

j,e +  *-?£■&  = 


(37) 
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We  will  assume  that  the  tank  hull  is  initially  located  in  a 
position  of  equilibrium  and  that  the  velocities  of  its  torsional, 
longitudinal  and  transverse  vibrations  equal  zero. 

In  addition  we  will  assume  that  the  tank  is  traveling  at  a  high 
speed  and  that  the  ground  elevation  is  short. 

If  this  is  the  case,  then  the  coordinates  z,  V  and  ©  in 
Eqs.  (37)  equal  zero.  With  the  considerable  tank  traveling  speed 
and  the  brevity  of  the  ground  elevation,  the  time  span  t  during 
which  the  road  wheel  rolls  over  this  elevation  will  be  short.  Con¬ 
sequently,  the  deviations  of  the  tank  hull  from  the  position  of 
equilibrium  during  this  short  time  span  will  be  insignificant. 

Consequently,  we  are  dealing  with  the  following  equations: 

—  i  si  e  <p  (0  < 

9 

*!,*(*) 

from  which  we  determine  the  following  values: 

*  =  9  (9 

*  — t*- /*<«<* 

o 

When  we  check  expressions  (39)  we  find  that  the  function  Kp  (t) 
with  various  tanks  which  drive  over  the  same  road  at  the  same 
speed  remains  the  same,  since  its  character  is  determined  ex¬ 
clusively  by  the  longitudinal  profile  of  the  ground  elevation  over 
which  the  road  wheel  rolls. 

On  the  other  hand,  the  coefficients  cg/G,  clj/Jy  and  cB/2Jx 
are  determined  exlusively  by  the  suspension  design  of  the  tank. 

For  this  reason  it  is  advisable  not  to  evaluate  the  drive  char¬ 
acteristics  of  the  tank  according  to  the  values  z,  y/  and  0,  but 
according  to  the  coefficients  cg/G,  cl^/Jy  and  cB/2Jz  the  cor¬ 
responding  values  of  which  stand  in  direct  ratio  to  the  values  z  , 
and  0  but  are  not  determined  by  any  factors  other  than  the 
type  of  track  and  suspension. 
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We  wish  to  name  these  coefficients  "coefficients  of  uniform 
tank  travel".  The  smaller  the  value  of  such  a  coefficient,  the 
more  uniform  the  tank  will  travel.  The  expressions  for  the  co¬ 
efficients  of  uniform  tank  travel,  if  it  is  equipped  with  swing  arm 
suspension,  are  derived  in  the  same  manner  as  in  the  case  of  a 
tank  having  road  wheels  with  individual  springs. 

Without  going  further  into  these  methods  of  derivation,  we 
wish  to  state  here  that  when  the  tank  is  equipped  with  a  bogie 
wheel  suspension  frame  (Fig.  25)  the  following  coefficients  of 
tank  travel  uniformity  will  come  under  consideration: 

ii  •  jlL  •  tB 
iG  '  iJ ,  '  7*77’ 

where  the  relationship  between  the  vertical  shift  of  the  road  wheel 
and  the  deflection  of  the  spring  which  causes  this  shift  is  desig¬ 
nated  by  i. 

If  the  swing  arm  mechanisms  have  the  same  levers,  then  the 
value  of  the  bogie  wheel  suspension  frames  having  two  road  wheels 
each  (Fig.  25)  is  i  =  2.  In  the  case  of  swing  arm  suspensions  with 
four  road  wheels  (Fig.  5)  it  is  i  =  4. 

An  increase  of  the  ratio  i  results  in  a  decrease  of  the  values 
of  the  ratios  of  tank  travel  uniformity;  consequently  the  tank  will 
travel  in  a  more  uniform  manner. 

This  is  due  to  the  favorable  influence  of  the  swing  arm  mech¬ 
anisms  which  aid  the  uniformity  of  tank  travel. 

e)  Load  on  the  Road  Wheels  with  Consideration  of  the  Influ- 
ence  of  Tank  Hull  Vibrations. 


In  Section  3  we  discussed  road  wheel  load  when  the  road  wheels 
have  individual  springs.  The  following  equations  (6)  were  deter¬ 
mined  for  the  purpose  of  determining  normal  load  on  the  road  wheels: 

K  m  *  [*•  —  (*<  —  «)**+  Yk,+  “<] ' 

We  now  wish  to  introduce  an  improvement  into  these  equations 
which  is  important  for  the  influence  of  vibrations  on  the  tank  hull. 
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We  will  refer  to  the  fact  that  the  values  zQt  kx  and  ky  in¬ 
dicate  the  lowering  of  the  tank  hull  center  of  gravity  and  its 
longitudinal  and  transverse  differences  from  the  position  of  equil¬ 
ibrium.  If,  however,  the  tank  hull  is  subject  to  a  vibration,  then 
the  actual  lowering  of  the  center  of  gravity,  likewise  its  longi¬ 
tudinal  and  transverse  differences,  will  be: 

*•  +  * 

**  4- » 

k,  +  e 

where  z,  ip  and  ©  are  calculated  according  to  Eqs.  (36). 

If  we  substitute  the  values  z0  +  z,  kx  +  *¥>  and  ky  +  0  into 

the  equations  (6)  instead  of  the  values  zq,  kx  and  ky,  we  obtain 
equations  of  the  normal  loads  on  road  wheels  with  consideration 
of  tank  hull  vibrations. 

A?'  =  t  (Zo  +  a  —  K  —  et)  +  ip)  —  (k,  +  6)  + 

AT"«=  e(it  +  z—  («i  —  *)  kx  +  v)  +  —■  [k,  +  6)  +  u4  - 

We  now  wish  to  turn  to  swing  arm  suspension.  In  Section  5 
equations  (13)  were  set  up  for  the  purpose  of  determining  the 
normal  loads  on  road  wheels  without  considering  tank  hull  vibra¬ 
tions.  These  equations  were: 


The  road  wheel  springs  were  additionally  deflected  when  tank 
hull  vibrations  occurred.  These  deflections  were  determined 
according  to  Eqs.  (c). 

f\  =  z  — **  *  +  1**  — 

—  z  —  y  -f*  0;  '2'  ®  • 

The  values  z,  1/)  and  0  which  occur  in  these  equations  were 
determined  according  to  equations  (35)  and  (22'). 

Aside  from  the  changes  of  spring  deflections,  each  of  the  road 
wheels  will  be  subjected  to  the  effect  of  an  additional  vertical  load 
which  is  equal  to  the  product  of  spring  temper  and  additional  de¬ 
flection. 


Consequently,  the  vertical  loads  of  the  road  wheels  with  con¬ 
sideration  of  tank  hull  vibrations  are  determined  according  to  the 
following  equations: 
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We  shall  refer  to  the  fact  that  while  the  tank  is  traveling, 
especially  over  uneven  ground,  vibrations  can  increase  to  such 
an  extent  that  spring  deflections  can  reach  an  extreme,  which 
is  to  be  considered  in  the  design. 

It  was  already  stated  in  Section  4  that  the  static  deflection 
of  the  springs  by  the  weight  of  the  tank  being  imposed  on  the 
springs  usually  makes  up  one -third  to  one -half  of  the  maximum 
deflection,  which  is  to  be  considered  permissible  according  to 
the  track  and  suspension  design. 

Consequently,  tank  hull  vibrations  which  occur  within  the 
elasticity  limit  of  springs  can  have  such  an  effect  that  the  vertical 
load  of  the  road  wheels  in  comparison  to  static  load  is  doubled  or 
tripled. 


7.  Impact  Stress  of  the  Track  and  Suspension 

The  travel  stroke  of  the  road  wheel  in  comparison  to  the  tank 
hull  is  usually  limited  by  a  stop. 

During  rapid  travel  when  the  tank  travels  over  any  ground 
elevation  which  is  higher  than  the  travel  stroke  of  the  road  wheel, 
the  tank  will  be  subjected  to  an  impact  and  the  suspension  system 
will  be  subject  to  the  effect  of  the  impact  stress,  which  may  cause 
some  parts  to  fracture. 

The  answer  to  the  question  to  what  extent  it  is  possible  to 
foresee  such  a  fracture  is  of  very  practical  interest. 

We  will  now  consider  more  closely  the  indicated  phenomenon 
in  the  case  of  a  tank  having  road  wheels  with  individual  springs. 

We  will  assume  that  the  tank  has  traveled  over  a  rather  high 
ground  elevation  with  a  pair  of  its  road  wheels  in  such  a  way  that 
the  moment  arm  OC  (Fig.  29)  which  joins  the  road  wheel  axis  to 
the  tank  hull,  has  already  struck  against  stop  B  while  the  road 
wheels  move  further  upward  and  roll  over  the  ground  elevation. 


Figure  29.  Road  Wheel  Running  Over  a  Ground  Elevation. 


Moment  arms  OC  strike  against  stop  B  and  are  deformed 
to  a  certain  extent;  the  type  of  deformation  is  determined  by  the 
design. 

We  will  assume  thatthis  deformation  appears  in  the  form  of 
a  bend.  The  force  of  the  bent  moment  arm  becomes  a  motive 
force  of  the  tank  hull  due  to  the  pressure  on  the  stops  and  on  the 
joints  which  connect  the  moment  arms  to  the  hull. 

If  we  were  in  a  position  to  determine  in  some  way  the  increase 
of  motive  force  which  is  communicated  to  the  tank  hull  when  the 
moment  arm  strikes  against  the  stops,  then  we  would  know  how 
great  the  deformation  of  the  moment  arm  is;  we  would  do  this  by 
comparing  the  increase  of  motive  force  on  the  tank  hull  with  the 
force  deforming  the  moment  arm. 

When  we  had  determined  the  extent  of  deformation,  it  would 
not  have  been  difficult  to  calculate  the  stress  on  the  moment  arm 
according  to  known  formulas  for  the  resistance  force  of  materials. 

Our  task  may  be  summarized  as  follows:  to  determine  the 
increase  of  motive  force  on  the  tank  hull  when  moment  arm  OC 
strikes  against  stops  B. 

The  increase  of  motive  force  on  the  tank  hull  when  the  moment 
arm  strikes  against  the  stops  is  determined  by  the  speed  of  the 
vertical  shift  of  the  road  wheels  at  the  moment  of  impact. 

On  the  other  hand,  the  speed  of  the  vertical  shift  of  the  road 
wheels  when  rolling  over  the  ground  elevation  is  related  to  the 
speed  of  forward  movement  and  with  the  nature  of  the  ground  ele¬ 
vation. 

We  will  designate  the  speed  of  forward  tank  movement  as  v, 
the  maximum  angle  between  the  tangential  surface  to  the  front 
inclined  surface  of  the  ground  elevation  and  the  direction  of  the 
speed  v  as  <pmax  (Fig.  30). 

0 


Figure  30.  Road  Wheel  Running  Over  a  Ground  Elevation. 
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Then  the  speed  of  the  vertical  shift  of  the  road  wheels  the 
moment  the  arm  touches  the  stops  is  expressed  in  the  following 
equation: 

(a) 

We  will  refer  to  the  fact  that  the  road  wheels  axes,  when  the 
moment  arm  OC  strikes  against  the  stops,  can  he  considered  as 
being  firmly  connected  to  the  tank  hull  because  the  shift  of  the 
axes  due  to  deformation  of  the  moment  arm  will  be  insignificant. 

Under  this  assumption  we  can  relate  the  elevating  speed  of 
the  road  wheels  with  the  elevating  speed  of  the  center  of  gravity 
and  with  the  angular  velocity  of  the  tank  hull  by  the  following 
equation: 

**“*»  +  »  (b) 


where  the  elevating  speed  of  the  tank  hull  and  its  angular  velocity 
due  to  the  moment  arm  striking  the  stops  is  expressed  by  z,  and 

Yl  • 

When  the  moment  arm  strikes  against  the  stops,  impact 
stresses  occur  on  the  road  wheel  axes,  the  impulse  of  which  is 
indicated  by  R. 


Under  the  effect  of  these  shock  stresses,  the  tank  hull  under¬ 
goes  a  change  of  motive  "energy"  and  a  change  of  the  moment  of 
this  motive  "energy".  These  changes  are  expressed  by  the  follow¬ 
ing  formula: 


(Vi  —  Va)  “  R 1/ . 


(c) 


The  initial  values  of  elevating  speed  of  the  tank  hull  center 
of  gravity  and  of  its  angular  velocity  around  the  transverse  axis 
when  the  moment  arm  strikes  the  stop  are  designated  by  zQ  and 

Vo  • 


When  we  eliminate  the  value  R  from  equation  (c),  we  obtain 
the  following  equation: 


—  (*i  —  i»)  !<  —  </,  to  —  $o)  «  0. 


(d) 
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When  we  solve  equations  (b)  and  (d)  together,  we  obtain: 


and 


Vi 


J,  to  - 1(  Vo)  +  —  h  *• 

G 

—  (#a  —  **)  U  +  v» 

9 - - 


,  ,  JLi* 

+  —  ‘i 


(e) 


When  we  have  determined  the  value  of  z  ^  and  ,  we  can 
easily  determine  the  increase  of  motive  energy  in  the  tank  hull 

A  E. 


+Jf 


(f) 


If  we  substitute  the  values  and  ,  we  obtain  the 

equation: 

„  „  —  (4  +  (i  Vo)*  f  G 

AEr*  —  "V,  ■■  V-  — 

2(v,  +  fC)  ’» 


(42) 


We  now  compare  the  moment  of  resistance  against  movement 
of  the  arms  which  connect  the  road  wheel  pair  under  consideration 
with  the  tank  hull  with  the  increase  of  hull  motive  energy: 


2  V  — 


<4  —  (4  +  h  »>•)*  ,  G 


c  A  J-7 


(g) 


If  we  substitute  the  value  vg  obtained  from  Eq.  (a)  into  the 
obtained  equation  (g),  we  obtain  finally: 


2  Vi 


p*  tg*  —  to  +  lj  y)1  j  G_ 


In  the  special  case  when  the  initial  preconditions  are  such  that 

*,  **  0  *od  *  0 


Eq.  (43)  is  simplified: 


2  V  <  —  Va,«x  j  ® 


(44) 
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We  will  refer  to  the  fact  that  for  the  center  road  wheels 
the  value  1^  is  smaller  than  for  the  front  and  rear  road  wheels. 
The  resistance  against  movement  of  the  moment  arms  is  in¬ 
creased  by  the  decline  of  the  value  1^  . 

This  means  that  at  otherwise  equal  preconditions  the  impact 
stress  of  the  center  road  wheels  will  be  greater  than  the  corres¬ 
ponding  loads  on  the  front  or  rear  road  wheels. 

After  the  resistance  against  the  moment  arm  has  been  deter¬ 
mined  in  this  manner  and  for  reasons  of  simplification  we  assume 
that  this  moment  arm  strikes  with  its  center  against  the  stop,  we 
can  easily  determine  the  deflection  of  the  moment  arm  according 
to  the  following  formula: 


L  =  the  length  of  the  moment  arm  OC, 

E  =  the  modulus  of  elasticity, 

J  =  the  moment  of  inertia  of  the  arm  cross  section. 


The  bending  stress  of  the  arm  corresponding  to  this  deflection 
will  amount  to: 


*mu  *• 


Tr¬ 


et  signifies  the  distance  of  the  neutral  axis  from  the  outer 
edge  of  the  arm. 
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Section  V. 


AMPHIBIOUS  TANKS 

1.  Amphibiousness 

a)  General  Description 

Amphibiousness  is  the  ability  of  a  body  not  to  sink.  The 
section  of  the  water  surface  with  the  floating  object  is  called  the 
water  line,  which  divides  the  body  into  an  unsubmerged  and  a 
submerged  part  related  to  the  principle  of  Archimedes. 

If  we  consider  a  certain  quantity  of  water  in  a  solid  container, 
the  liquid  will  always  be  in  a  state  of  rest  without  outside  influ¬ 
ences,  aside  from  air  pressure;  i.  e.  we  will  observe  neither 
vertical  nor  horizontal  currents  or  eddies  in  the  liquid.  This  fact 
is  explained  by  the  position  of  equilibrium  of  all  fluid  particles. 

This  means  that  forces  from  all  sides  affect  each  layer  of  the 
liquid,  that  these  are  of  equal  intensity;  the  direction  in  which 
these  forces  are  exerted  is  the  same,  but  are  directed  against 
each  other. 

The  force  which  impels  a  separately  considered  layer  upward 
is  equal  to  the  weight  according  to  the  water  column  located  over 
it.  We  now  wish  to  remove  this  water  column  and  replace  it  by 
some  other  body  of  equal  weight. 

In  this  case,  two  forces  will  be  exerted  on  the  vertical  axis 
line  z  of  this  body:  G  weight  of  the  body  which  is  exerted  at  the 
center  of  gravity  of  the  body  and  Q  the  buoyancy  of  the  displaced 
water  which  is  exerted  upward  and  in  the  center  of  gravity  of  the 
displaced  water  mass  --  the  center  point  of  the  buoyancy-. 

If  G  is  larger  than  Q,  the  body  will  sink;  on  the  other  hand 
it  will  float  if  Q  is  greater  than  G. 

From  this  we  can  conclude  that  the  buoyancy  force  Q  is  as 
great  as  the  weight  of  the  floating  body  G. 

If  the  weight  of  the  body  is  increased,  this  body  will  sink 
deeper  until  Q  equals  the  new  weight  G. 

The  amphibious  reserve  of  a  tank  means  the  amount  of  load 
(in  kg)  which  can  be  imposed  until  the  tank  sinks  down  to  the  open 
hatches  (ventilation  hatches,  radiator  shutter,  driver's  hatch). 

The  amphibious  reserve  of  a  fully  equipped  tank  is  designated  as 
combat  amphibious  reserve. 
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In  the  case  of  small  amphibious  tanks  the  amphibious  reserve 
is  200-400  kg.  When  the  hatches,  covers  and  trap  doors  are 
closed  and  when  the  space  between  the  turret  and  the  turret  sup¬ 
port  ring  is  sealed,  the  amphibious  reserve  is  two  to  three  times 
as  great  as  when  the  maximum  submersibility  of  the  tank  reaches 
up  to  the  roof. 

It  is  particularly  important  to  know  the  amphibious  reserve 
of  a  tank. 

If,  for  example,  a  large  body  of  water  is  to  be  crossed  and 
water  suddenly  penetrates  into  the  vehicle  and  this  excess  cannot 
be  removed  by  the  pump,  it  is  possible  to  judge  whether  one  should 
proceed  if  the  amphibious  reserve  of  the  tank  is  known. 

It  is  particularly  important  to  know  the  amphibious  reserve  of 
a  tank  when  the  tank  is  used  to  haul  troops.  From  the  previous 
data  it  is  clear  that  2-3  men  can  be  hauled  in  the  small  tank. 

Insofar  as  ship  principles  are  used  in  the  construction  of  am¬ 
phibious  tanks,  it  appears  quite  practical  to  maintain  these  princi¬ 
ples.  Consequently,  we  wish  to  apply  the  following  principles  for 
amphibious  tanks: 

1.  The  center  longitudinal  line  divides  the  tank  lengthwise  into  2 
symmetrical  parts.  It  is  designated  as  the  longitudinal  plane. 

2.  The  surface  which  goes  through  the  contact  line  of  the  water 
surface  (in  rest  position)  with  the  tank,  is  called  the  width 
(water  line  diagram)  and  its  half,  with  consideration  of  the 
symmetry,  is  called  the  half -width. 

3.  The  surfaces  which  lie  vertical  to  the  two  induced  ones,  is 
designated  as  maximum  width  at  its  widest  location. 

4.  The  sections  of  the  tank  with  the  surfaces  parallel  to  the  water 
level  are  called  the  water  lines  and  the  framework  vertical  to 
them.  It  is  clear  that  the  frameworks  are  approximately  equal 
with  all  cross  sections.  The  water  line  which  a  tank  exhibits 
under  all  loads  is  called  the  load  line. 

The  framework  rib  selected  at  the  widest  location  is  called  the 
center  framework  rib. 

b)  Determination  of  the  Load  Line 

Before  we  distribute  the  loads  finally  in  the  tank  hull  with  a 
given  outline  and  provide  the  openings  for  air  intake  to  ventilate  and 
cool  the  crew  compartment  and  before  we  provide  the  driver's 
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escape  hatch  and  the  viewing  slits,  it  is  first  necessary  to  de¬ 
termine  the  water  line. 

The  normal  water  line  must  be  designated  as  the  one  at  which 
the  tank  exhibits  rear  load  distribution  of  5-10°. 

At  normal  floating  position  (with  the  usual  load  in  water  with 
slight  waves),  the  air  vents,  the  driver's  hatch  and  the  viewing 
slots  must  lie  so  far  above  the  loading  hatch  that  no  water  can 
penetrate  into  the  chassis  from  without. 

In  ship  construction  this  detail  is  attended  to  with  extreme 
care  and  the  method  used  can  also  be  used  to  solve  our  problem. 

But  nevertheless  it  appears  practical  to  deviate  from  the  ship  build¬ 
ing  method. 

Since  the  shape  of  a  tank  deviates  from  the  outlines  of  a  ship, 
it  would  save  time  to  determine  the  loading  line  according  to  the 
following  simple  method. 

We  have  before  us  the  outline  of  a  tank  with  the  center  of  gra¬ 
vity  indicated  (Fig.  1).  Now  we  wish  to  calculate  the  loading  line. 


Z 


The  first  question  is:  What  do  we  do  about  the  track  and  sus¬ 
pension  which  usually  is  fully  submerged  in  the  water  ? 

Here  we  can  find  two  different  solutions: 

1.  Determine  the  buoyancy  of  each  individual  part  by  means  of 

water  penetration  and  determine  the  point  at  which  it  is  exerted 
and  thus  determine  the  resultant  force  and  the  buoyancy  center 
point. 
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2.  Calculate  the  weight  of  each  individual  part  of  the  track  and 
suspension  and  divide  the  result  by  the  specific  average 
weight  of  the  construction  material  and  in  this  way  determine 
the  total  force  of  buoyancy.  It  can  be  assumed  with  sufficient 
accuracy  that  the  buoyancy  center  point  of  the  track  and  sus¬ 
pension  coincides  with  the  tank  center  of  gravity. 

As  a  basis  of  this  assumption  we  use  the  fact  that  when  the 
tracks  are  freed  from  the  ground  while  the  tank  is  floating,  no 
visible  change  of  the  water  line  can  be  observed  and  thus  we  feel 
ourselves  justified  in  using  the  method  mentioned  twice  before. 

Consequently,  the  weight  of  the  tank  to  be  calculated  is: 


GQ  =  the  weight  of  the  tank  chassis. 

G2  =  the  weight  of  all  individual  parts  of  the  track  and  sus¬ 
pension. 

,yo  =  the  specific  mean  weight  of  the  construction  material, 
i.  e. 

Numerically,  G  in  t  is  equal  to  the  volume  of  water  penetra¬ 
tion  V  in  m^. 

Buoyancy  Q  =  G,  on  the  other  hand,  is  G  =  V  =  SB,  where  B 
is  the  width  of  the  chassis  and  S  is  the  surface  of  the  longitudinal 
rib  to  the  water  line. 

As  we  see,  our  main  task  will  be  to  draw  a  line  AB  in  such 
a  way  that  the  surface  which  it  intersects  equals  S. 

We  wish  to  determine  this  surface  by  quoting  the  calculation 
for  an  even  keel,  i.e.  by  assuming  that  the  trim  equals  zero. 

We  will  be  able  to  determine  the  height  h  between  the  assumed 
water  line  and  the  ground  by  the  following  equation: 

*=  f (l  +  1'07)' 

where  L  is  the  mutual  distance  between  the  axes  of  the  idler  wheel 
and  the  drive  sprocket. 

We  will  assume  that  we  obtain  the  water  line  AB.  In  order  to 
be  able  to  judge  the  correctness  of  the  selection,  we  must  calculate 
the  determined  surface. 
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For  this  purpose  we  will  employ  the  following  method: 

a)  We  set  the  outline  of  the  stern  in  place  of  its  curve  through 
the  straight  line  BK  in  such  a  way  that  the  intersected  and 
the  accessory  surfaces  are  equal. 

b)  In  the  bow  we  draw  a  vertical  line  to  the  ground  A.E.  in 
the  intersected  part  AEL.  Then  we  obtain  three  geometri¬ 
cal  figures:  the  triangles  ALF  and  LFjEj  as  well  as  the 
trapezoid  FEE^Fj. 

As  we  see,  the  Sj  intersected  by  the  water  line  will  be  as 
large  as  the  sum  of  the  surfaces  of  the  geometrical  figures. 

Almost  all  dimensions  of  the  named  figures  can  be  deter¬ 
mined  by  calculating  with  the  inserted  dimensions  from  the  draw¬ 
ings;  very  little  calculating  need  be  done  with  the  ruler  and  the 
compass. 

We  will  assume  that  the  Sj  intersected  by  the  water  line 
AB  is  S.  To  equalize  this  difference  S  —  we  proceed  as 
follows: 

From  the  obtained  water  line  AB  we  divide  upward  and 
downward  new  water  lines  (AB)  in  intervals  of  1  cm  each  and  add 
or  subtract  the  corresponding  surfaces  until  we  achieve  an  equal¬ 
ity  of  S  and  Sj  (S  =  Sj). 

We  are  assuming  that  as  a  result  we  will  achieve  the  water 
line  AB  at  which  buoyancy  is  Q  =  G. 

The  buoyancy  center  point  is  determined  from  two  equations 
of  moments  opposite  some  axis  (for  example  the  one  which  passes 
through  the  center  point  of  gravity  vertical  to  the  drawing  surface). 

The  first  equation  is  written  down  when  the  forces  run  parallel 
to  the  weight  line  and  the  second  when  the  forces  have  turned  at  an 
angle  of  90°. 


As  a  result,  we  obtain  the  following  equations: 


X  Ci  *i 

R 


(1) 


equals  the  surfaces  of  the  individual  figures  into  which 
the  entire  surface  is  divided. 

xj  and  are  the  coordinates  of  the  centers  of  gravity  in 
these  figures. 


As  a  rule,  the  buoyancy  center  of  gravity  does  not  correspond 
with  the  weight  center  of  gravity;  it  lies  somewhat  above  or  below 
it. 


In  the  case  of  a  tank,  only  the  second  position  must  be  con¬ 
sidered  admissible,  because  the  first  position  causes  top-heavi¬ 
ness. 

Ships  traveling  on  the  sea  or  ocean  are  built  with  even  keel 
or  with  rear  heaviness,  because  if  a  ship  were  topheavy,  the  bow 
would  be  forced  deeper  into  the  water,  increasing  the  surface  in 
the  water  and  thus  increasing  travel  resistance;  while  the  "water 
column"  over  the  ship's  propeller  would  be  lower  (see  "selection 
of  propeller"  in  the  following  section). 

River  ships,  on  the  other  hand,  often  have  the  bow  deeper  in 
the  water  (are  topheavy)  so  that  the  keel  does  not  hit  a  reef. 

Trimming  a  tank  for  rear  heaviness  is  attributable  to  the 
effort  to  keep  the  top  of  the  tank  dry  because  this  makes  it  easier 
for  the  driver  to  steer.  In  addition,  turbulence  build-up  is  re¬ 
duced,  the  propeller  lies  deeper  in  the  water  and  the  tank  can  aim 
easier. 

Therefore,  after  the  calculation  if  Q  is  lifted  toward  the 
rear,  the  load  must  be  regrouped  or  the  chassis  changed  in  such 
a  way  that  Q  and  G  exchange  places. 

We  will  assume  that  Q  lies  to  the  left  of  G.  It  is  under¬ 
standable  that  the  moment  Qd  would  turn  the  tank  hull  at  some 
angle  Cp  so  that  one  keel  OCA  is  out  of  the  water  while  the  other 
keel  QDB  is  immersed. 

The  angle  of  rotation  of  the  tank  hull  and  the  relative  sizes  of 
the  surfaces  of  the  keels  out  of  the  water  and  submerged  must  be 
correct  for  the  following  preconditions: 
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In  order  that  these  preconditions  might  be  fulfilled,  we  pro¬ 
ceed  as  follows:  we  draw  the  water  line  CG  through  point  O  at 
an  angle  of  =  5.  Then  we  obtain  the  triangles  ODB  and  OAC. 

We  are  assuming  that  the  surface  of  the  triangle  ODB  =  S£ 
and  the  surface  of  the  triangle  OAC  =  and  S2  4=  Sj.  Then 
we  proceed  with  the  determination  of  the  difference  between  Sj 
and  S2  as  follows:  we  divide  Sj  —  S2  =  1  S  by  the  length  of 
the  projection  of  the  water  line  DC  and  in  this  way  obtain  the 
thickness  of  the  adjusted  layer  5,  i.e.  : 


The  water  line  must  be  raised  or  lowered  to  this  level  in 
order  to  achieve  an  equality  between  the  amount  of  surfaces  of 
the  keels  out  of  the  water  and  submerged. 

Then  we  determine  the  point  at  which  the  forces  Qj  and  Q2 
are  exerted  and  again  calculate  the  following  moment: 

If  M  is  not  equal  to  Qd,  then  we  draw  a  new  water  line  with 
the  angle  <^=10  and  repeat  all  calculations  in  the  previously 
given  sequence. 

Usually  both  these  calculations  are  sufficient  if  we  achieve  the 
following  relative  sizes: 

M,  <Qd<  Mx 

The  moments  and  M2  correspond  to  the  angle  of  rotation 

¥  j  =  5°  and  y>2  =  10°. 


With  this  we  conclude  the  determination  of  the  loading  line. 

2.  Inertia  (Stability) 

By  the  inertia  of  a  tank  we  mean  its  ability  to  float  in  the  posi¬ 
tion  imparted  to  it  (center  longitudinal  diagram  vertical  to  the  non¬ 
moving  surface  of  the  water)  and  its  ability  to  return  to  this  position 
as  soon  as  these  exterior  forces  are  no  longer  exerted  which  have 
caused  it  to  deviate  from  its  original  position. 

Inertia  is  important  for  the  ability  of  the  tank  to  go  into  the 
water  at  a  certain  angle.  The  crew  (or  the  load)  can  be  regrouped 
(i.  e.  the  crew  can  leave  the  tank  and  position  itself  in  the  rear)  and 
in  this  way  change  the  weight,  (fuel  consumption).  In  addition,  in¬ 
ertia  is  important  for  the  dynamic  loads  (firing,  going  over  waves) 
without  having  to  fear  the  danger  of  tipping. 
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Inertia  must  be  calculated  both  crosswise  and  lengthwise. 

Here  we  will  cite  the  solution  of  the  problem  (list  and  trim) 
in  succession  for  a  small  and  a  large  angle  of  tilt,  while  assum¬ 
ing  that  the  cause  for  the  tank  being  brought  out  of  its  position  of 
equilibrium  is  of  a  static  nature. 

a)  Tank  Inertia  at  a  Small  Angle  of  List 

We  will  proceed  on  the  assumption  that  the  tank  is  inclined 
to  one  side  at  a  small  angle  ©  (Fig.  2). 

In  order  to  be  able  to  judge  the  degree  of  inertia  of  the  tank 
in  the  prescribed  position,  we  must  know  the  position  of  three 
points  in  relation  to  each  other:  the  center  of  gravity  O,  the 
weight  center  of  gravity  C  and  the  metacenter  M. 
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Figure  2.  Position  of  the  Metacenter  at  Slight  List 

The  tank  is  the  only  amphibious  vehicle  with  which  point  O 
lies  deeper  than  point  C. 

The  metacenter  is  the  point  of  intersection  of  the  plumb  line 
through  the  center  of  buoyancy  and  the  center  longitudinal  axis  and 
is  a  measure  for  stability.  Stability  increases  with  the  distance  of 
the  metacenter  from  the  center  of  gravity.  When  the  vehicle  is 
tilted,  the  metacenter  is  located  in  the  point  of  intersection  of  a 
rectangle  through  the  displacement  center  to  the  inclined  water  line 
with  a  rectangle  through  the  vehicle  weight  center  of  gravity  to  the 
construction  water  line. 


Of  course  the  weight  center  of  gravity  will  be  grouped  cor¬ 
respondingly  with  further  turning  of  the  chassis  while  it  describes 
a  curve,  the  curvature  radii  of  which  form  sections  --  the 

metacentric  radius. 

These  radii  will  be  directed  vertically  to  the  tangent  to  the 
curve  of  the  weight  center  of  gravity  in  the  corresponding  points 
and  to  the  water  line  producing  the  effect. 

We  wish  to  introduce  the  following  designations: 

the  initial  metacentric  radius, 
the  height  of  the  center  of  gravity, 
metacentric  height. 

In  order  for  the  tank  to  resume  its  original  position,  it  is 
necessary  for  the  forces  G  and  Q  to  form  a  force  pair  which 
turns  the  tank  into  the  opposite  position  (from  tilt).  In  this  case 
the  metacenter  would  be  located  nearer  to  point  O. 

Of  course  the  size  of  the  moment  of  the  rectifying  force  pairs 
M  =  G  •  OK  will  be  greater  (and  thus  the  tank  inertia  as  well)  the 
higher  point  M  is  located. 

In  order  to  determine  line  O  K,  we  will  utilize  the  character 
of  the  point  M,  according  to  which,  when  the  tank  lists  slightly, 
this  does  not  change  its  position,  since  the  amount  of  the  keel 
which  is  immersed  and  withdrawn  from  the  water  in  this  case  is 
usually  equal. 

On  the  basis  of  this  information  we  obtain  the  equation: 

0  K  =  0  M0  sin  0  =  +  gt)  sin  ©, 

because  at  small  angles 


if 


sin  © 


e° 

57.3 


o/r  = 


e* 


and  the  rectifying  moment: 

M-C(a.+  et)  ^3 


(2) 


(3) 


The  equation  thus  obtained  will  be  designated  as  the  formula 
of  the  metacentric  inertia. 
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Since  tanks  have  a  low  freeboard,  the  dimensions  of  both 
keels  (which  go  in  and  out  of  the  water)  are  unequal  even  at 
slight  list,  so  that  the  application  of  the  metacentric  formula 
is  very  limited. 

The  metacentric  formula  can  be  used  to  determine  the  angle 
of  list  in  the  case  of  asymmetrical  consumption  of  the  load  (fuel 
consumption)  opposite  the  center  of  gravity  or  in  the  case  of  re¬ 
arranging  the  load  (regrouping  the  crew)  as  well  as  to  determine 
the  height  of  the  center  of  gravity  if  M,  0°  and  eQ  are  given  and 
CX  is  being  sought. 


Without  coming  to  conclusions,  we  will  refer  to  the  fact  that 
the  initial  metacentric  radius  is 


(4) 


JQ  is  the  moment  of  inertia  of  the  water  line  surface  opposite 
axis  X  or  G  (the  axial  lines  pass  through  the  center  of  gravity  of 
the  named  surface)  in  relation  to  which  inertia  is  to  be  determined, 
transverse  or  longitudinal  stability; 


V0  is  the  water  displacement  of  the  tank. 


If  we  substitute  its  value  for  eQ  according  to  equation  (4),  we 
obtain  the  following  equation: 


M 


(5) 


b)  Influence  of  Liquid  Ballast  on  Tank  Inertia 

This  situation  is  important  for  the  amphibious  tank  if  the  part 
of  the  chassis  below  water  is  not  completely  tight  and  if  the  pump 
is  not  capable  of  removing  the  water  which  has  penetrated  inside. 
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We  will  assume  that  water  has  accumulated  on  the  floor  of 
the  tank  (Fig.  3).  If  the  tank  is  listing  at  an  angle  of  0,  the 
surface  of  the  water  will  assume  the  position  in  which  the  water 
center  of  gravity  is  shifted  to  the  right  which  causes  a  general 
shift  of  the  tank  center  of  gravity  from  point  O  to  point  Oj.  The 
result  is  that  the  line  of  the  rectifying  moment  will  be  expressed 
in  the  following  formula: 

Ki~R  s  0  K  —  0  o,  ce* ©  . 

After  a  few  transformations,  the  difference  given  can  be 
written  in  the  following  form: 


or,  if 


then 


X,  A  =  0  K  -  cos  ©,  tg  & 
0  K  «  cTm  sin  & 


(6) 


In  this  case  Jj  is  the  moment  of  inertia  of  the  cross  section 
of  the  water  accumulated  on  the  floor  of  the  tank. 

Thus,  when  the  water  has  flooded  up  to  a  certain  level  of  the 
entire  floor,  Jj  =  J  and  =  P0.  Consequently,  the  following 
formula  results: 


fo  +  —  e« 


CO*©, 

—  fl-  1 


cos  6 


ij  sill  &  =|<*  + 


*(■-£§)] 


sin  6 


(7) 


If,  however, 


©,<0. 

then 

KXK  <  <xsin  &  , 

i.e.  the  tank  will  exhibit  very  slight  stability, 
c)  Stability  at  Large  Angles  of  List 

The  reason  why  the  metacentric  formulas  cannot  be  used  at 
large  angles  of  list  is  that  with  the  inequality  of  the  volume  of  the 
keel  being  immersed  and  coming  out  of  the  water,  the  weight  cen¬ 
ter  of  gravity  cannot  be  determined  as  before  and  the  position  of 
the  metacenter  is  not  precise. 
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Before  we  calculate  the  rectifying  force  pair,  it  is  first 
necessary  to  solve  the  following  two  problems:  to  find  the 
effective  water  line  (Fig.  4)  and  to  determine  the  position  of 
point  C  j . 

We  are  assuming  that  the  volume  O^AAj  of  the  keel  com¬ 
ing  out  of  the  water  V4  and  of  that  being  immersed  in  the  water 
OjBjB  =  V£,  and  that  vj  is  larger  than  V£.  Clearly  the  effec¬ 
tive  water  line  A2B2  will  lie 


higher  than  the  water  line  A^B^. 

Sj  is  the  surface  of  the  water  line. 


Figure  4.  Weight  Center  of  Gravity  at  Large  Angles  of  List 

The  shift  of  the  water  line  center  of  gravity  to  the  right 
or  left  is  determined  according  to  the  equation: 


Where: 

is  the  static  moment  of  the  water  line  surface  left  of  C>2. 
M2  is  the  same  to  the  right  of  O2. 

S2  is  the  surface  of  the  water  line  A2B2. 

These  calculations  must  be  used  in  sequence  for  all  angles  of 

list. 
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To  determine  the  coordinates  y  and  z  of  point  C4  we 
draw  the  part  of  drawing  4  individually  as  it  is  shown  in  draw¬ 
ing  5.  On  the  basis  of  this  drawing  we  can  write  the  following 
equation: 

OK  =  *sin&+  ytoaB  +  2  sin  9 . 


Since,  however 
or 

and 
then  , 


d  y  =  Cj  b  end  d*  =  DC\ 
d  y  =  C,  C\  eos  ©  =*  g  cos  ©  d  Q- 
d  z  =  Cl  C,  sin  6  =  e  »in  0  d  0 


(8) 


These  equations  cannot  be  integrated  at  once  because  p  =  f 
(Q,  where  this  function  is  not  known). 


Figure  5.  Grouping  of  the  Nadirs  in  the  Coordinate 

System 

Usually  integration  is  performed  either  graphically  or  numer 
ically. 
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Prof.  Krylow  has  made  the  suggestion  to  conduct  the  calcu¬ 
lation  of  the  rectifying  force  pairs  by  filling  out  Table  1,  which 
puts  us  in  a  position  to  solve  the  problem  rapidly. 

Explanations  to  Table  1  (for  Tables  see  supplement  to  the 
translation). 

it  0 

The  formula  iso"!  (5)  shows  us  that  this  multiplier  (co¬ 
efficient)  must  be  multiplied  by  the  number  cited  in  column  5, 
which  corresponds  to  the  basic  values  for  0.  The  other  numbers 
in  parentheses  exhibit  a  corresponding  meaning  (7);  (8);  (9); 

(11);  (12)  and  (13)  which  are  in  the  other  columns. 

As  an  example  we  cite  the  calculation  of  stability  in  the  design 
of  an  amphibious  tank  made  by  the  Academy  for  Mechanization  and 
Motorizing  (WAMM). 


2 


Figure  6,  Sectioning  of  the  Tank  Body 
The  calculation  is  conducted  according  to  the  following  plan: 

1.  The  weight  center  of  gravity  of  the  submerged  part  of  the  longi¬ 
tudinal  rib  (Fig.  6)  was  determined. 

2.  The  thickness  of  the  correction  layer  6  and  the  shift  of  the 
center  of  gravity  of  the  water  line  surface  is  determined  for 
all  angles  of  list  because  these  values  are  necessary  for  the 
calculation  of  g  of  the  effective  water  line. 

3.  The  stability  lines  O  K  =  r^  were  calculated  for  the  same  tank 
angle  of  list. 

4.  Ried  made  diagrams  of  the  longitudinal  and  transverse  stability 
which  indicated  the  curves  r^  =  f(O). 
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For  the  purpose  of  determining  the  weight  center  of  gravity, 
the  tank  is  depicted  in  the  shape  shown  on  Fig.  (6). 

We  divide  up  the  hull  below  the  water  into  five  simple  figures 
and  calculate  their  surfaces.  Then  we  obtain 

Sj  =  2,260  cm^ 

S2  =  1,480  cm^ 

=  12,000  cm^  Total:  S  =  18,410  cm^ 

54  =  870  cm^ 

55  =  1 , 800  cm^ 


The  volume  of  the  hull  is  Vj  =  S  B  =  18,410  •  175  =  3,221,750 
cm  .  Now  we  calculate  the  volume  of  the  water  displaced  by  the 
submerged  parts  of  the  track  and  suspension. 

2  tracks  =  as, 700  -  2  =  51,400  cm’ ' 

2  idler  wheels  —  5,000  ■  2  =  10,000 cm’ 

2  drive  sprockets  —  2,000  •  2  =  4,400  on1 
4  road  wheels  =-16,000  -  2  =  32}ooocm:i 

The  total  volume  of  the  submerged  tank  parts  amounts  to  V0  = 

V1  +  v2  =  3,351,  150  cm3,  the  water  displacement  amounts  to 
3.  35  m^. 


From  Fig.  6  we  determine  the  weight  center  of  gravity  for  the 
hull  and  the  track  and  suspension  individually.  For  the  hull  we  ob¬ 
tain: 


* 


J  Si  *i 


If  we  measure  the  coordinates  z^  and  according  to  the 
drawing,  we  obtain: 


Z,  =  36,2  cm  r,  =  SI, 3  cm 

z-  =  19.2  „  r,  =  67,5  „ 

*3  ~  29-8  ••  *3  ~  182  „  5"*$,=  17  600  cm*. 

2,  =  20,0  „  -  300  „ 

*s  =  47,3  z.  -  310  .. 


If  we  substitute  the  values  of  z^  and  into  the  equations  of 
the  coordinates  z^.  and  x^  we  obtain  the  following  equation: 


2260  •  36,2  +  1.4S0  •  10,2  +  12,000  •  29.8  +  S70  •  20  +  1,800  -  47,3 
T  '  18,410 

2260-31.3  +  1,480-67,5+  12,000  •  182  +  870  -  300+  1,800  •  310 

18,410 


cm. 

cm. 
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We  determine  the  coordinates  of  the 
for  the  entire  tank 

Volume 

in 


Body  .  3,222,000 

Track .  51, 400 

All  individual  parts  of  the 

track  and  suspension  .  .  90,  000 


weight  center 

of  gravity 

z 

X 

cm 

cm 

00.0 

000.  0 

00.  0 

267.0 

-  5.0 

168.0 

51,400  ■  !67  -f-  3,222,000  •  000 -f  #0,000  •  178  „„ 

xT  =  —  -  — — _ — - - =-000  cm ; 


3,241,000 

51, *60  •  *5+  90,000  •  5  +  3,222,000  •  000 
3,241,000 


>00,0  em. 
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ig  the  longitudinal  and  transverse  inertia  ve  are  assuning  that  during  list  (tilt)  no  water  penetrates  into 
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If  we  know  S’  and  h)  we  determine  the  effective  water  line  and  the  center  of  gravity,  with  the  aid  of  which  we 
also  determine  the  moment  of  inertia  of  the  water  line  surface  and  thus  also  the  metacentric  radius. 


to  work  and  to  formulate  the  assumptions  more  easily, 


As  we  note,  the  consideration  of  the  size  of  the  track  and 
suspension  individual  parts  exerts  a  very  slight  influence  on  the 
coordinates  of  the  weight  center  of  gravity  of  the  whole  tank. 
Consequently,  to  save  calculating  time,  we  can  neglect  this  and 
limit  ourselves  to  considering  the  weight  center  of  gravity  for 
the  hull. 

The  thickness  of  the  additional  layer  <S  and  the  shift  of  the 
center  of  gravity  of  the  effective  water  line  is  determined 
according  to  Fig.  7. 


Figure  7.  Calculating  the  Weight  Center  of  Gravity  for  the  Hull. 

In  this  case: 

=  the  ordinates, 

V|  =  the  volume  of  the  keel  out  of  the  water, 
tq  =  the  ordinates  and 

V2  =  the  volume  of  the  keel  submerged  in  the  water. 

As  already  mentioned  above. 


but, 


so  that 


& 
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Figure  8.  Diagram  by  Ried  of  the  Longitudinal  Inertia  (stability 

of  the  Floating  Tank. 


Figure  9.  Diagram  by  Ried  of  the  Transverse  Inertia  (stability) 

of  the  Floating  Tank. 
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If  a^  and  are  a  function  of  0,  which  are  difficult  to  de¬ 
termine,  the  equation  written  here  must  be  integrated  according 
to  the  trapezoid  method,  i.e.  fill  out  the  table  which  comes  into 
consideration  in  the  calculation  of  r^. 

Since  the  width  of  the  tank  hull  is  a  constant  value  over  its 
entire  length,  the  vertical  lines  through  O  to  O3  will  shift  by: 


We  now  cite  the  table  for  the  calculation  of  6  and  vj  accord¬ 
ing  to  which  the  submerged  surface  is  calculated  and  in  addition 
Q  as  well  as  the  line  of  the  restoring  moment  O  K  =  r^.  Accord¬ 
ing  to  the  data  in  the  table  we  have  the  diagrams  of  Ried  (Figs.  8 
and  9.  ). 

3.  Dynamic  Static  Stability 

By  dynamic  static  stability  of  a  tank  we  mean  its  ability  to 
offset  the  effect  of  the  tilting  (tipping,  listing)  force  pair  and  to 
return  to  its  original  position  as  soon  as  the  tilting  force  pair 
ceases  to  exert  an  influence. 


We  are  assuming  that  we  have  the  Ried  diagram  of  static  inertia 
before  us  (Fig.  10)  and  that  a  force  pair  with  constant  moment  M  is 
being  exerted  on  the  tank.  We  determine  the  list  angle  of  the  tank 
under  the  influence  of  the  force  pair  being  exerted.  Obviously,  the 
tank  will  exhibit  two  angles  of  list: 

©j  indicates  the  static  position  of  equilibrium  at  which  the 
moments  of  the  listing  and  of  the  restoring  force  pairs  are  equal; 

©2  indicates  the  dynamic  position  of  equilibrium  when  the  effects 
of  the  listing  and  rectifying  force  pair  are  equal. 
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Consequently,  the  tank  will  first  turn  at  the  angle  ©2,  at 
which  the  surfaces  OMNj©2  (exertion  of  the  listing  force  pair) 
and  ONjN2©2  (exertion  of  the  rectifying  force  pair)  are  equal. 
Then  the  tank  will  list  to  the  opposite  side  (due  to  the  inequality 
of  the  moment  ordinates  @2^2  an^  ©2^4)  anc*  w^en  the  vibra¬ 
tions  have  ceased,  the  tank  will  stop  at  an  inclination  at  the  angle 
©1  at  which  the  moments  of  both  force  pairs  are  equal. 

If  the  surface  is  smaller  than  the  surface  OMNj, 

then  two  things  can  occur: 

1.  The  surface  OMNj  is  larger  than  the  surface 
then  the  tank  will  capsize. 

2.  The  surface  OMN4  is  as  large  as  the  surface 

then  the  tank  will  lay  on  one  side  at  an  angle  ©3  and  stay 
in  this  position  until  the  listing  force  pair  stops. 

We  now  shall  write  down  the  formula  for  the  rectifying  force 
pair. 

In  normal  position,  the  weight  center  of  gravity  and  the  dis¬ 
placement  center  of  gravity  are  located  at  points  C  and  O 
(Fig.  5).  At  a  tilt  angle  ©,  the  buoyancy  center  of  gravity  shifts 
to  Cj.  Of  course  while  the  listing  force  pair  is  being  exerted  dur¬ 
ing  tilt  at  the  angle  ©,  the  product  of  the  rectifying  force  pair  Q 
and  the  difference  between  the  distances  of  the  vertical  lines  be¬ 
tween  the  displacement  center  of  gravity  and  the  weight  center  of 
gravity  will  be  equal,  i.  e.  : 


Consequently, 


-  W^QfKCt-OC,); 

K  C,  =  a  cos  d —  g  »in  6  +  *  cos  ©; 

0  C,  —  CL 


—  W  =  (?  [(zees  G —  jr sfn  G — a(l  — cos  ©)]  —  A;  (10) 

Using  this  equation  we  can  plot  the  Ried  diagram  of  the  dy¬ 
namic  inertia  of  the  tank  while  we  divide  the  angle  of  list  ©  on 
the  abscissa  axis  and  the  line  of  inertia  hj  on  the  line  of  ordinates. 

It  is  not  difficult  to  determine  the  relation  between  the  lines  of 
static  and  dynamic  stability  on  the  tank,  i.e.  between  r^  and  h^. 

The  rectifying  moment  is  Q  rj.  The  exertion  of  this  moment 
during  list  at  the  angle  ©  is  expressed  in  the  following  equation: 

*G 

0 
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but  on  the  other  hand, 


W( 

consequently,  6 

hi  —  jrd  6 
o 

i.e.  the  line  of  dynamic  stability  is  in  itself  the  integral  curve  of 
the  static  diagram  by  Ried. 


The  type  of  the  curve  Iq  =  f(@)  of  the  Ried  diagram  of  dynamic 
stability  is  determined  in  accordance  with  the  following  equations: 


and 


dh: 

do 


=  n 


J*h  j  jTj 

d6l 2  ~de 


From  this  it  is  clear  that  hq  will  exhibit  its  maximum  value 
at  r^  =  O.  Curve  Iq  ='  f(0)  exhibits  its  turning  point  at  rmax  . 


To  obtain  the  necessary  basic  values  to  draw  the  Ried  diagram, 
we  must  fill  out  the  following  table: 


t 

D 

D 

4 

S 

6 

7 

8 

U 

-  z 

I  Sin  0 

z  cos  9 

V— IV 

a  cos  0 

a— ocos0 

A;= vi— vm 

At  the  angles  0  we  must  proceed  in  the  same  way  as  when 
drawing  the  Ried  diagram  of  static  stability;  a,  y  and  z  are  taken 
from  the  tables,  according  to  which  the  value  of  r^  is  determined. 

We  now  wish  to  show  how  the  Ried  diagram  of  dynamic  stability 
is  to  be  used  in  solving  the  following  problems: 

1.  Using  the  diagram,  determine  the  angle  of  list  for  M  =  const. 

2.  Determine  the  tank  tipping  moment. 
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Figure  11  shows  the  Ried  diagram  of  dynamic  stability  of 
the  tank  in  which  we  can  read  the  ordinates  of  dynamic  stability 
h^  or  the  exertion  W  =  Qh^  ofthe  rectifying  force  pair. 

Since  the  listing  force  pair  is  expressed  by  the  equation 


w~  m  e 


(ID 


it  will  appear  at  M  -  const,  in  the  ordinates  ©  and  W  in  a 
straight  line  with  an  angle  coefficient  M. 

If  we  draw  a  vertical  line  on  the  abscissa  axis  at  a  point  cor¬ 
responding  to  the  first  straight  line  (57.3°)  at  which  W  =  Mj,  and 
divide  off  a  section  M  on  it  in  the  scale  of  W  and  connect  its  end 
with  the  beginning  of  the  coordinates,  we  obtain  the  diagram  of  the 
listing  force  pair. 

The  point  of  intersection  with  curve  h^  will  of  course  yield 
the  point  at  which  the  listing  and  the  rectifying  force  pair  are  equal. 

Consequently,  it  will  suffice  to  plot  the  tank  angle  of  tilt  at 
point  A  and  to  connect  the  end  with  the  beginning  of  the  coordinates 
if  we  wish  to  determine  the  tank  angle  of  tilt  under  the  influence  of 
the  force  pair.  Then  the  point  of  intersection  B  of  the  straight 
line  with  the  curve  of  the  tank  stability  line  will  indicate  the  angle 
of  tilt. 

The  answer  to  the  second  question  is  given  if  we  draw  a  tangent 
from  the  beginning  of  the  coordinates  to  the  curve  of  the  Ried  dia¬ 
gram  and  extend  it  further  to  the  point  of  intersection  with  the 
ordinate  at  A.  The  section  AC  thus  obtained  will  represent  the 
size  of  the  tipping  moment  which  we  are  seeking. 

In  conclusion  we  cite  an  example  for  utilizing  the  table  to  cal¬ 
culate  hi  and  to  draw  the  Ried  diagram  of  dynamic  stability,  the 
calculation  of  which  is  given  in  the  section  on  static  stability. 

By  comparing  the  static  and  the  dynamic  stability,  we  reach 
the  following  conclusion: 

To  increase  static  stability  it  is  sufficient  if  we  have  a  high 
value  of  the  stability  ordinates  on  the  Ried  diagram,  even  if  it  is 
only  on  a  very  small  section. 

In  the  case  of  dynamic  stability  it  is  very  important  that  the 
Ried  diagram  extend  to  the  maximum  possible  section  of  the  ab¬ 
scissa  axis.  This  means  that  the  surface  of  the  Ried  diagram  in 
the  fir st -mentioned  case  is  not  important,  but  that  it  is  important 
to  have  as  high  an  ordinate  as  possible. 


272. 


Calculatio: 


»0*ONWhO<rt-OSI«5  000fCM) 

SOOMUJN'-VWOmMtfioiCrtf-OW 

•  *_•  »  ♦  *  *  »  f  _ r  •  »  •  f  »  *1  »> . 


S^OMOr-om-woowmo^ir-  -  w 
o  -*  w»V)u> oo  ct  - #»  w» o»  «* 

©  cT  ©~  ©  o  ©  ©  c>  ©“  o  ©  «-T  *-T  *-T  -T  csT  ei  e*  *? 


r-  !■»  f»  »  *o  iown*-  <t»  r-^  t/>fO 

N  «  N  N  fl  ci  «  <1  «  «  M*  ^  o  o  o  o 


5  cr>  $  12  ^  to  oo  ^  --  «  o  «  o  «  «ft  w  w 
o  i-T  w  if>  f*  of  —r  w  u>  c>  o*  w  iflTo  o  o*  -«*  J! 


M*io  vw  —  r**  o  t  Is.  O  ^  Ifi  r^ 

OOO-Nrt^^kOMJy^^www-P 


S?5<e»*fl««»o  «  <*) «  o  w  » 

» oei  v  f*o  «  22  aSSVSSSSSSSSSS 


o  <A  <0  <0  <c  r*  r*  io  w  oo^  co^  oo 

^  otfoVeiwV <T w  r-*V*  oo*  oe  oo  cc  c©  ao  co  co 


h.hHWOO^O^N(0«0  W  ^  to 

pv  »#r  a  m  M*  00  O  O  ■*  pn  M  IN  W  N  W  W 

?2J22S3S5wS«Sco0o#o«*oc»3«co« 


-  o“»2-g88iS$!3®8SS2SS.£8  i 

«  . 


273 


Calculation  of  the  Stability  Lines  h-  of  the  Ried  Diagram 
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4.  Entry  and  Exit  of  the  Amphibious  Tank  or  Amphibious  Vehicle 
into  and  From  the  Water. 

When  the  preceding  problem  has  been  solved,  we  can  proceed 
from  two  points  of  departure: 

1.  The  maximum  entry  and  exit  angle  is  determined  under 
the  precondition  that  no  hatch  is  submerged  beneath  the  sur¬ 
face  of  the  water. 

2.  The  same,  but  under  the  precondition  that  maximum  power 
efficiency  is  used  and  the  vehicle  does  not  slip. 

Since  determining  the  sought  angle  under  the  precondition  that 
no  hatch  goes  under  water  depends  on  checking  the  power  and  ground 
adhesion;  one  condition  becomes  a  part  of  the  second  and  no  longer 
applies  as  an  independent  precondition. 

We  will  begin  with  the  solution  under  a  special  precondition. 

We  determine  the  maximum  exit  angle  of  an  amphibious,  rec¬ 
tangular  surface  on  which  we  bestow  all  the  running  characteristics 
of  a  tank  or  of  a  vehicle.  It  is  more  convenient  to  divide  the  exit  of 
the  rectangle  into  two  time  intervals: 

1.  from  the  moment  in  which  it  comes  into  contact  with  the 
soil  to  the  point  in  time  that  its  entire  underpart  is  on  the  sur¬ 
face  of  the  ground. 

2.  from  landing  until  exit  from  the  water. 

Propellers  as  well  as  tracks  or  wheels  can  be  used  simultan¬ 
eously  for  all  amphibious  vehicles.  In  the  first  point  in  time  the 
main  track  and  suspension,  the  propeller  and  momentum  are  all 
being  exerted,  whereas  in  the  point  in  time  of  ground  contact  the 
track  and  the  wheel  are  being  exerted.  This  is  explained  by  two 
circumstances: 

1.  The  entire  driving  coefficient  of  conversion  and  of  the  track 
is  several  times  (4-5)  greater  than  the  propeller,  and  conse¬ 
quently  the  propeller  thrust  which  is  sufficient  in  the  water  is 
insufficient  to  overcome  the  vehicle  gravity  components  and  the 
driving  resistance  from  the  soil  and  the  water  when  the  tank  is 
exiting. 

2.  The  further  the  tank  comes  out  of  the  water,  the  more  the 
propeller  becomes  free  and  thereby  breaks  off  the  blades  on 
the  ground.  Consequently,  when  propeller  thrust  proves  to  be 
insufficient,  the  forward  thrust  is  converted  to  the  tracks  as 
soon  as  they  gain  traction  on  land. 
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But  ground  traction  is  closely  related  to  vertical  reaction. 
Consequently,  this  ground  reaction  plays  a  decisive  role  in  de¬ 
termining  the  maximum  permissible  gradient  of  the  river  bank. 

As  is  clear  from  Fig.  12,  we  can  achieve  each  additional 
position  of  the  rectangle  as  a  result  of  three  movements:  thrust 
s,  stroke  h  and  turn  a. 

During  displacement  (beginning  with  ground  contact)  the 
following  forces  will  be  exerted: 

G  =  Gravity  of  the  rectangle, 

F  =  Shearing  force  of  the  propeller, 

Q  =  Buoyancy, 

Rg  =  Water  resistance, 

N  =  Vertical  reaction  of  the  ground, 

P  =  Tractive  effort  of  the  track, 

R  =  Ground  resistance  against  movement  of  the  rectangle. 

Buoyancy  Q  can  be  expressed  as  a  function  of  h  and  ©t  in 
an  equation  as  long  as  the  surface  of  the  rectangle  is  not  submerged 
and  as  long  as  point  D  does  not  emerge  from  the  water. 


Figure  12.  Forces  being  Exerted  on  the  Rectangle 


The  following  unknown  values  will  appear  during  the  movement 
of  the  rectangle:  F,  P,  h,  pt  and  N,  i.e.  five  values,  but: 
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and  at  the  maximum  value  of  angle  ot  according  to: 

PtM  N 


(13) 
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where: 


v  =  the  velocity  of  the  rectangle, 

j^B  =  the  efficiency  of  the  propeller, 

=  the  efficiency  of  the  rectangle  track  and  suspension, 

=  the  adhesion  coefficient  of  the  track. 

Consequently,  having  equations: 

i  z  =  0  i 

ry«0  (14) 

£  jr-0  J 

and  Functions  (12)  and  (13),  we  can  determine  the  value  of  the 
angle  <*  max. 

But  this  solution  has  only  a  theoretical  value  because  we  are 
considering  here  the  movement  of  a  body  whose  water  displacement 
can  be  expressed  mostly  by  a  single  equation,  which  frees  us  of  the 
greatest  difficulty  of  solving  the  problem. 

We  will  now  proceed  to  answer  the  question  in  general. 

a)  Determining  the  Angle  max  When  Exiting  from  the  Water 
and  Entering  the  Water. 

After  the  tank  or  vehicle  has  come  on  ground  and  has  moved 
forward,  a  part  of  the  hull  will  have  emerged  from  the  water  while 
the  other  part  is  still  submerged  (Figs.  13  and  14).  The  water  dis¬ 
placement  and  the  center  of  gravity  will  change  and  thereby  the 
ground  reaction  N  will  occur. 


Figure  13.  When  emerging  from  the  water,  the  vehicle  comes  into 
contact  with  the  ground. 

Consequently,  we  must  determine  Q  and  the  coordinates  of 
the  weight  center  of  gravity  in  order  to  learn  the  change  of  N.  This 
presents  the  main  difficulty  in  solving  the  problem. 
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Figure  14.  When  emerging  from  the  water,  the  tank  comes  into 
contact  with  the  ground. 

The  first  time  interval  of  movement  will  be  the  most  impor¬ 
tant  because  N  will  increase  steadily  after  landing,  while  re¬ 
sistance  will  remain  almost  constant.  In  this  interval  of  time  a 
difficulty  will  arise  with  the  force  F  in  addition  to  the  difficulties 
with  Q  and  the  point  at  which  this  force  is  exerted,  it  being 
variable  in  size  because  both  tracks  are  operating  simultaneously. 

In  order  to  solve  this  problem,  we  set  up  the  following  calcu¬ 
lation  (see  Fig.  15). 


Figure  15.  Side  Profile  of  the  Tank 

We  are  taking  the  side  profile  of  the  amphibious  vehicle  hull, 
the  load  line  of  which  is  indicated  by  AB  and  we  are  calculating 
the  water  displacement  of  the  pontoons  and  of  the  suspension.  Then 
we  make  additions  to  the  drawing  in  such  a  way  that  the  ordinates 
multiplied  by  one -half  of  the  hull  indicates  the  water  displacement 
of  the  parts;  we  eliminate  the  pontoons  along  with  the  track  and 
suspension  and  consider  the  weight  as  well  as  the  coordinates  of  the 
center  of  gravity  to  be  invariable. 

We  will  assume  that  we  have  obtained  the  sketch  on  Fig.  15  as 
a  result  of  the  information.  Since  the  angle  of  the  river  bed  which 
we  are  seeking  is  not  greater  than  15-20°,  we  proceed  as  follows: 


We  draw  a  series  of  lines  through  an  arbitrary  point  C  in 
succession  with  angles  5°,  10°  and  15°  to  the  horizontal  plane. 


The  first  line  must  be  drawn  in  such  a  way  that  the  volume 
of  the  keel  ACA}  jutting  out  of  the  water  is  somewhat  larger 
than  the  volume  of  the  keel  BCB^  submerged  in  the  water. 

We  designate  the  water  displacement  of  the  first  keel  by 
Vj  and  the  second  by  V£  and  the  coordinates  of  the  center  of 
gravity  of  water  displacement  from  the  earlier  weight  center  of 
gravity  accordingly  by  hj,  lj  and  l^  and  l£.  Then  the  new 
water  displacement  would  be 

$1  =  $— («»— «.) 


and  we  determine  the  change  of  the  coordinates  according  to  the 
equations : 


.  .  It  +  *x 

*  % 

„  ^  vi  +  vt 

*  <?< 


(15) 


After  we  have  taken  all  these  measures  at  all  water  lines 
and  the  indicated  series  of  angles,  we  will  be  in  the  position  to 
prepare  the  drawing  M  =  f(Q^)  (Fig.  16),  on  which  M  =  Qjl^  is 
the  moment  around  the  axis  of  the  front  road  wheel. 

Then  we  divide  the  moments  of  the  weight  force  of  the  same 
angles  (5-10-15°),  points  m,  n  and  k  on  the  ordinate  axis.  On 
these  same  points  we  erect  vertical  lines  to  the  point  of  inter¬ 
section  with  the  curves  and  obtain  points  &  ^ ,  &2  and  Of  3. 

When  we  project  these  points  on  the  abscissa  axis,  we  obtain 
intersection  points  Oq^,  Oq2  and  Oq3  and  water  displacement 
for  the  angles  5°,  10°  and  15°. 

When  we  plot  G  to  the  left  of  points  qj,  q£  and  q^,  we  obtain 
the  points  b3»  b£  and  bj. 

When  points  p^,  p£  and  p^  on  the  ordinate  give  the  end  points 
of  the  water  line  angle  of  gradient  which  has  been  divided  off  ac¬ 
cording  to  scale,  then  we  obtain  the  curve  G  —  =  f£(  ). 

If  we  know  and  have  the  connection  between  F  and  P,  we 
can  determine  the  values  N  and  P  according  to  the  equations  for 
the  projections  of  the  forces  on  the  axial  lines  X  and  Y  and  we 
can  plot  the  curve  P/N  =  (Fig.  17). 
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Figure  16.  M=fj(Q^) 


If  we  divide  off  the  point  on  the  ordinate  axis  which  corres¬ 
ponds  to  the  value  of  the  difference  between  the  coefficients  <j£>  —  f 
and  at  this  point  erect  a  vertical  line  to  the  point  of  intersection 
with  the  curve,  we  obtain  a  point  which  we  project  on  the  axis  of 
the  abscissa  and  in  this  way  obtain  CX 

y  mcxX 

As  we  see,  the  determination  of  C*max  is  a  very  involved 
and  tedious  affair. 

The  preconditions  under  these  circumstances  are  very  differ¬ 
ent  for  a  tank  and  for  a  vehicle.  As  a  result  of  the  double  steering, 
the  vehicle  travels  straight  ahead  in  water  with  the  propeller. 

Consequently,  the  propeller  can  be  put  into  operation  as  soon 
as  it  is  submerged,  which  is  impossible  in  the  case  of  a  tank,  since 
on  it  the  propeller  is  in  the  rear. 

In  addition,  when  a  tank  enters  the  water,  the  front  part  will 
begin  to  vibrate  and  will  change  its  water  displacement  in  time 
intervals  which  makes  it  much  more  difficult  to  calculate  the  trac¬ 
tive  effort  of  the  track.  But  in  view  of  the  slight  influence  of  vibra¬ 
tions  on  the  adhesion  weight,  we  can  neglect  this  phenomenon. 

In  general  it  is  necessary  to  calculate  the  short  gradient  when 
exiting.  The  angle  which  the  tank  surmounts  when  traveling  up  the 
bank  can  certainly  be  surmounted  more  easily  when  traveling  down 
into  the  water. 

If  an  amphibious  vehicle  is  completely  tight,  from  a  theoretical 
standpoint,  it  can  travel  from  the  shore  into  the  water  at  any  arbi¬ 
trary  angle  by  using  the  momentum  of  downward  movement,  (if 
there  are  no  uneven  spots  on  the  road  and  the  ground  does  not  slope 
laterally). 
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Even  if  the  vehicle  comes  with  the  bow  onto  land  in  the  first 
moment,  in  the  next  moment  it  will  regain  its  amphibiousness. 


5.  Water  Resistance  Against  Tank  Movement 

The  complexity  of  the  phenomena  which  appear  when  water 
surrounds  the  hull  and  the  difference  in  these  characteristics 
make  it  impossible  to  consider  flow  as  a  whole. 

Thus  we  can  set  up  no  uniform  equation  which  reflects  the 
flow  pattern  uniformly. 

Consequently,  only  one  way  is  left  open  to  us,  that  of  con¬ 
sidering  each  individual  phenomenon  separately  and  considering 
the  origin  and  effect  of  these  phenomena  which  are  independent 
of  each  other. 

The  resistance  of  the  water  against  the  movement  of  a  body 
is  caused  entirely  by  the  generated  movement  resistance  of  the 
liquid. 

Since  now  the  motion  of  the  liquid  and  the  forces  being  ex¬ 
erted  on  the  body  in  question  are  two  interacting  sides  of  the 
same  phenomenon,  it  is  possible  to  determine  the  other  side  -- 
force  --  even  if  we  know  only  one  of  these  sides  --  motion,  and 
conversely. 

The  quantitative  relationship  between  the  individual  forms 
of  motion  and  the  forces  corresponding  to  them  depends  on  the 
nature  of  the  liquid  and  of  the  amphibious  body. 
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The  nature  of  the  fluid  includes  the  following  factors: 
moisture,  elasticity,  viscosity  and  specific  weight.  The  char¬ 
acteristics  of  the  floating  body  include:  inertia,  shape  of  the 
submerged  part,  the  nature  of  its  surface  and  its  speed. 

But  not  all  properties  of  the  liquid  are  causes  in  the  same 
measure  of  resistances  which  occur  when  the  body  moves;  the 
main  properties  will  be  the  viscosity  and  the  specific  weight  of 
the  water. 

We  can  list  all  types  of  liquid  motion  when  it  flows  around 
a  body: 

1.  The  progressive  motion  of  the  liquid  layer  drawn  along  by 
the  body  --  boundary  layer  flow, 

2.  The  rotational  motion  of  the  liquid  --  turbulence, 

3.  Change  of  the  surface  of  the  water  --  wave  formation. 

In  relation  to  the  forms  of  liquid  motion,  the  following  forces 
occur: 

1.  Tangential  force  --  friction  resistance, 

2.  Normal  force  --  body  resistance, 

3»  Normal  force  --  resistance  of  the  waves. 

The  factors  influenced  by  liquid  properties  are:  at  point  1 
and  2  viscosity,  at  point  3  weight. 

To  illustrate  more  clearly  we  will  use  the  method  of  Profes¬ 
sor  Pawlenko  and  compile  this  information  in  a  table. 


Designation  of 
Resistance 

Property  of 
the  water 

Direction  of 
Forces 

Type  of  Water 
Motion 

Friction  re¬ 
sistance 

Viscosity 

Tangential 

Boundary  layer 
flow 

Body  resist¬ 
ance 

Viscosity 

Normal 

Single  eddies 

Wave  resist¬ 
ance 

Weight 

Normal 

Waves 
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Figure  18.  2)A»7;  3)  £-5 


The  relationship  between  the  resistances  is  determined  by 
the  speed,  the  shape  of  the  submerged  part  and  the  surface 
smoothness  of  the  floating  body. 

If  we  know  the  type  of  resistance  forming  the  main  resistance 
and  know  the  cause,  it  is  possible  to  take  all  precautions  to  re¬ 
duce  resistance.  The  influence  of  the  properties  of  the  body  on 
the  relationship  of  the  resistance  components  is  regarded  objec¬ 
tively  as  follows: 

1.  If  there  are  no  projecting  parts  on  the  body  and  we  are  deal¬ 
ing  with  an  average  speed  (2-6  m/sec)  --  river  ships  --  it 
is  predominently  friction  and  body  resistance. 

2.  If  no  parts  project  and  speed  is  high,  i.  e.  6-13  m/sec  (sea¬ 
going  ships)  friction  and  wave  resistance  will  play  an  im¬ 
portant  role.  Consequently,  at  the  same  water  displacement 
resistance  will  be  less,  the  smaller  and  smoother  the  body  in 
both  cases. 

Insofar  as  we  are  concerned  with  the  influence  of  the  ratios 
between  width  B,  height  H  and  length  L  on  resistance,  when 
the  ratio  between  L/B  is  increased,  specific  resistance  decreases 
(Fig.  18)  but  apart  from  basic  values  it  is  difficult  to  determine 
any  mathematical  interrelationship. 


Only  one  thing  is  certain:  a  stream-lined  shape  of  the  body 
reduces  resistance. 


3.  Too  many  projecting  parts  and  the  lack  of  a  streamline  shape 
(tank)  increases  the  resistance  of  shape  and  wave  resistance 
at  the  low  speed  of  2-3  m/sec.  Consequently,  encasing  the 
projecting  parts  and  streamlining  of  the  hull  is  the  only  way 
to  reduce  resistance. 


b)  Methods  for  Calculating  Resistance 

Before  we  present  the  most  applicable  formulas  of  power  re¬ 
quirements  for  ship  propulsion,  it  seems  advisable  to  us  to  estab¬ 
lish  the  basic  rules  for  setting  them  up. 


Test  data  forms  the  basis  of  all  calculation  which  express 
friction  resistance,  shape  and  wave  resistance: 


-  Ct8 e* 
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R  =  resistance  in  kg, 

C  =  experimental  coefficients, 

S  =  the  submerged  surface  and 
v  =  speed  in  m/sec. 

Of  the  three  equations,  the  one  with  the  best  foundation  from 
the  theoretical  standpoint  and  the  best  confirmed  one  by  careful 
checking  is  the  equation  of  friction  resistance  which  was  established 
by  Froude. 

Although  the  Froude  method  has  recently  been  made  "obsolete" 
by  the  studies  of  Schlichting  (with  stream-lined  bodies)  I  consider 
it  fully  sufficient  for  our  calculations. 

Aside  from  the  fact  that  the  equations  are  present  for  each 
kind  of  resistance,  these  are  ordinarily  not  used  due  to  the  diffi¬ 
culties  of  determining  the  coefficients  Cj,  C2  and  C3. 

Frequently  the  method  is  used  by  which  we  determine  experi¬ 
mentally  the  full  resistance  (by  towing  the  model)  and  when  the 
difference  between  the  determined  value  and  that  calculated  by  the 
equation  Rj  =  gives  the  sum  of  the  shape  and  wave  re¬ 

sistance. 
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In  the  case  of  low  speed  and  uniform  shapes,  wave  resistance 
can  be  neglected  and  in  this  manner  the  shape  resistance  can  be 
determined.  In  the  case  of  steamships  and  sailing  ships,  this 
resistance  is  in  the  ratio  of  5-15%  to  friction  resistance. 

At  high  speeds,  at  which  we  run  up  against  full  resistance 
and  the  resistance  of  shape  in  an  additional  percentage,  we  must 
calculate  wave  resistance  in  addition. 

c)  Calculating  the  Resistances  against  Tank  Forward  Move¬ 
ment. 

As  we  have  already  stated,  the  resistances  of  ships  can  be 
divided  into  two  groups: 

1.  Friction  and  shape  resistances, 

2.  Friction  and  wave  resistances. 

Correspondingly,  equations  for  the  total  resistance  have  been 
also  set  up  for  ships  on  the  basis  of  test  results. 

Since  the  resistance  against  the  movement  of  a  tank  is  mainly 
determined  by  the  resistances  of  shape  and  waves,  the  equations 
are  suited  for  ships  and  not  for  tanks. 

As  proof  of  this  we  will  select  the  equation  used  mostly  for 
ship  drive  calculations  and  calculate  the  resistance  for  a  tank, 
the  basic  dimensions  of  which  are  known  to  us. 

We  have  the  equations: 

1.  By  Froude  --  for  the  determination  of  friction  resistance: 

R=*fSv'™  (17) 

where  f  equals  0.  14  for  steel  ships. 

2.  By  Eiffel  for  calculating  the  resistance  of  the  plate  shape 
which  lies  transverse  to  the  stream: 

rt  =  0, 6eSv*  (18) 

where 

1000 
e~  9,81 
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3.  By  Gebers  --  for  the  unlimited  medium  (water) 

(19) 

where  f  =  0.  14;  tp  -  3.5  and  SD  for  the  center  frame. 

4.  By  Gebers  --  for  flat  sections  of  water 

*=f/,£i  +  /,S1+rS,)t.2’2'  (20) 

where  and  S2  is  the  side  and  undersurface  which  is  submerged, 
fj  is  0.  14;  <p  =  3.5  and  {2  is  dependent  of  h,  the  distance  of  the 
bottom  of  the  ship  to  the  base  of  the  river  bed. 


*(*») .  1,00  0,75  0.50  0.25 

U .  .  0.140  0,115  0,250  0.250 


In  our  case  we  will  assume  that  h  =  1,  consequently,  f2  =  fj 
and  the  equation  (20)  is  written  in  the  following  form: 

*=(/,s+?s,)**-85. 

that  is  the  same  as  in  the  third  case. 

5.  The  equation  by  Middendorf 


R  - 


0 ,17  S  »'•*»  + 


kS,f* 


(21) 


where  the  coefficients  k  and  a  are  taken  from  a  special  table. 

L.  is  the  length, 

B  is  the  width. 

We  are  assuming  that  in  our  case  S  =  20  m  .  The  speed 
changes  from  0  to  2.  5  m/sec  and  SQ  =  1.  15  m^. 

We  will  substitute  these  values  into  Eqs.  (17)  to  (21)  and  cal¬ 
culate  the  speeds  in  the  range  from  0  to  2.  5  m/sec;  then  we  will 
plot  the  curve  of  resistance  R  =  f(v).  In  this  way  we  obtain  the 
graphical  representation  on  Fig.  19. 

The  actual  resistance  against  tank  movement  on  the  basis  of 
the  actual  equipment  and  the  model  can  be  calculated  with  suffi¬ 
cient  accuracy,  in  my  view,  by  the  following  formula: 

*«o.oesv,’B$  (22) 
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We  now  wish  to  calculate  the  resistances  at  the  same  speed 
range  and  plot  them  on  Fig.  19. 

As  we  see,  none  of  the  equations  used  for  calculating  ship 
propulsion  are  used  for  determining  the  drive  resistance  of  a  tank. 

Only  the  equation  of  Eiffel  for  the  plate  comes  near  to  the 
actual  curve  of  tank  resistance. 

These  facts  are  also  confirmed  in  tests  with  submarines, 
which  were  conducted  by  the  French  and  which  showed  an  increase 
of  resistance  up  to  16-79%  when  the  projecting  parts  were  sub¬ 
merged,  whereas  the  submerged  surface  showed  almost  no  change 

Consequently,  the  resistance  of  shape  plays  an  important  role 
on  the  tank. 


G 


Figure  20.  Tank  with  a  Flat  Bow 


In  general  we  can  set  up  a  three -member  equation  relatively 
easy  for  determining  the  resistance  on  the  basis  of  the  curves 
(Fig.  19);  since,  however,  this  is  too  large  and  involved  to  be 
used,  it  seems  more  practical  to  use  it  in  Eq.  (22)  which  we  also 
wish  to  use  in  our  further  considerations. 

As  is  evident  from  Eq.  (22),  resistance  increases  with  an 
increase  of  speed;  however,  in  spite  of  the  low  efficiency  of  the 
ship's  propeller  (normally  0.20-0.25)  and  the  high  travel  resis¬ 
tance,  maximum  tank  velocity  is  not  the  result  of  engine  opera¬ 
tional  efficiency  but  of  tank  floating  position. 

This  is  due  to  the  fact  that  at  high  speed  the  bow  wave  sub¬ 
merges  the  bow  plate;  thus  the  bow  goes  deeper  into  the  water, 
submerging  the  hatches,  which  usually  causes  a  reduction  of  tank 
speed. 

We  will  not  consider  what  measures  have  been  taken  by  the 
manufacturer  to  overcome  this  deficiency.  The  best  example  in 
this  regard  is  the  Vickers  Armstrong  tank. 

In  its  first  design  this  vehicle  had  a  flat  bow  (A).  It  was  soon 
proven,  however,  that  this  was  a  poor  arrangement.  The  wave 
slashing  over  the  bow  plate  filled  the  tank  and  due  to  weight  G  of 
the  accumulated  water  forced  the  tank  down  deeper. 


A 


Figure  21.  Tank  with  Wave  Breaker 


The  Poles  mounted  a  wave  breaker  (A)  on  this  same  model, 
which  has  the  deficiencies  of  the  bow  plate  and  which  gives  the 
water  free  access  between  the  wave  breaker  and  the  body  and  led 
to  the  formation  of  turbulence. 


Figure  22.  Tank  with  the  Stern  Down 


According  to  the  last  edition  of  Heigl  (Pocket  Book  of  Tanks) 
the  English  have  found  a  new  method;  they  have  made  the  tank 
stern  heavy,  thus  lowering  the  propeller  and  increasing  resistance. 
This  method  seems  less  effective  because  it  is  invariable. 

The  most  effective  method  of  counteracting  the  waves  has  not 
yet  been  discovered. 

6.  Testing  Methods  of  Amphibious  Tank  Models 

A  model  is  understood  to  be  another  body,  similar  to  the  de¬ 
sign,  in  which  the  relative  dimensional  size  is  a  constant  value  in 
comparison  to  the  other. 

In  other  words,  the  model  and  the  actual  equipment  must  ex¬ 
hibit  geometrical  similarity. 

In  order  to  be  able  to  transfer  the  test  results  from  the  model 
to  the  actual  equipment,  it  is  necessary  that  both  bodies  exhibit  a 
dynamic  similarity. 

Two  bodies  are  dynamically  similar  if  the  paths  of  motion  of 
the  medium  particles  which  flow  around  them  are  similar.  The 
speeds  at  which  the  dynamic  similarity  is  present  are  designated 
as  corresponding. 

According  to  the  location  at  which  the  tests  are  conducted,  they 
can  be  designated  as  testing  laboratory  and  track  and  suspension 
tests. 
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The  tests  for  determining  water  resistance  against  forward 
movement  are  conducted  in  a  channel. 

To  exclude  the  influence  of  the  channel  walls,  the  channel 
must  be  at  least  twice  as  wide  as  the  test  model. 

In  regard  to  the  use  on  a  tank,  this  requirement  is  very  in¬ 
convenient  because  too  small  a  scale  makes  the  manufacture  of 
the  model  with  its  involved  track  and  suspension  more  difficult 
with  regard  to  precision. 

The  length  of  this  channel  is  determined  by  the  level  of  towing 
speed. 

The  test  model  is  usually  constructed  of  paraffin,  thus  it  is 
easier  to  cast  and  the  same  material  can  be  used  several  times 
in  succession. 

The  model  is  towed  by  a  small  vehicle  (2)  (Fig.  23)  which 
runs  on  rails  along  the  canal  edges.  The  vehicle  is  coupled  with 
the  model  in  direction  of  travel. 

The  power  efficiency  in  most  cases  is  recorded  by  an  auto¬ 
matic  device  (3)  and  the  speed  measured  by  an  electrical  clock 
(4)  i.e.  by  a  clock  which  turns  on  and  off  automatically  when 
passing  through  a  measuring  distance  (in  the  time  spans  in  which 
the  forward  movement  is  regarded  as  uniform). 

There  is  also  another  method  for  determining  these  values, 
but  basically  the  aforementioned  one  is  standard. 

The  run  tests  depend  on  the  location  at  which  the  tests  are 
undertaken  (in  a  pond,  lake);  thus  they  are  different  from  the 
laboratory  tests  as  to  how  they  are  conducted. 

The  run  tests  can  be  divided  into  two  groups  according  to  how 
the  model  moves: 

1.  with  the  model  being  pushed, 

2.  with  the  model  being  pulled. 


Figure  24.  Model  in  Front  of  a  Towing  Device 
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In  both  cases  the  equipment  is  the  same;  as  towing  device 
(1)  we  can  use  an  amphibious  tank  or  a  motor  boat.  The  resis¬ 
tance  is  measured  by  an  automatic  recording  device  (2).  In 
regard  to  speeds,  a  difference  will  be  dependent  on  the  size  of 
the  model. 

In  the  first  case  the  speed  as  average  speed  is  determined 
by  recording  the  time  it  passes  over  the  measuring  distance  and 
in  the  second  case  with  a  drum  having  an  automatic  speed  gauge 
and  according  to  the  length  of  a  thread. 

The  first  method  has  two  main  disadvantages. 

To  exclude  the  influence  of  the  towing  vehicle  bow  wave,  a 
long  lever  (4)  must  be  arranged  on  the  rear  of  the  model  to  change 
the  pressure  there  (Fig.  24).  This,  however,  is  difficult  to  do, 
because  the  draft  of  the  model  changes  due  to  pitching  which  occurs 
when  the  towing  vehicle  changes  speed. 

The  second  disadvantage  is  that  it  is  difficult  to  measure  (to 
record)  the  speed  of  the  model  itself.  Because  of  the  difference 
between  the  dimensions  of  the  towing  vehicle  and  of  the  model 
this  speed  difference  at  non-uniform  travel  will  be  exhibited  at  a 
given  point  in  time. 

Consequently,  the  recording  of  the  towing  vehicle  speed  will 
not  indicate  the  type  of  forward  movement  of  the  model,  and  for 
this  reason  it  no  longer  seems  practical  to  record  the  temporal 
curve  of  speed;  we  content  ourselves  with  measuring  average 
speed. 

In  the  case  of  the  second  method,  the  influence  of  the  propel¬ 
ler  is  difficult  to  exclude  because  a  very  long  tow  rope  (4)  cannot 
be  used  due  to  slack  (Fig.  25). 

On  the  basis  of  a  series  of  considerations,  towing  seems  to 
be  more  practical  as  it  is  depicted  in  Fig.  26.  The  movement  of 
the  boat  (1)  is  transmitted  from  the  shore  to  the  towing  vehicle 
which  is  connected  to  it  by  a  rope. 

A  recording  device  (2)  is  installed  on  the  rear  of  the  boat 
which  is  connected  (coupled)  with  the  model  (3)  by  a  pull  rod  (4). 

In  the  preceding  case,  speed  is  measured  with  a  speed  recorder 
(5)  which  is  set  up  on  the  shore  opposite  the  towing  vehicle. 

After  some  practice  by  the  towing  vehicle  operator,  several 
points  can  be  achieved  with  this  method  when  traveling  on  a  small 
body  of  water. 
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Figure  2  5.  Model  in  Tow 


Figure  26.  Towing  Test  with 
Drive  from  Land 


For  reasons  of  economy  and  also  to  simplify  the  required 
measurements,  it  is  advisable  to  build  the  model  of  wood.  Low 
cost,  quick  manufacture  and  remodeling  offset  the  insignificant 
disadvantages  of  the  wood  model  (the  chief  disadvantage  is  water 
absorption  during  long  tests). 

In  the  preceding  section  we  mentioned  the  fact  that  the  re¬ 
sistance  of  the  tank  against  forward  movement  at  a  speed  of  0-10 
km/h  can  be  calculated  with  sufficient  accuracy  according  to  one 
of  the  following  equations: 

either  the  Eiffel  equation  for  the  plate: 

o.«  Pt«*. 

or  my  equation: 

l?=-0,00SGv',i. 

We  will  now  check  which  of  these  equations  most  correctly 
reflects  the  flow  phenomenon  in  our  case. 

Since  the  first  equation  justifies  the  turbulence  resistances 
caused  by  forces  of  viscosity,  the  relationship  between  the  speeds 
of  the  equipment  itself  and  the  model  is  determined  by  the  Reynolds 
number,  i.  e. 


lj  and  I2  =  the  length  of  the  model  and  of  the  actual  equipment, 
vj  and  =  travel  speeds, 

and^2  ~  are  t^ie  viscosity  coefficients  of  the  liquid  in  which 
the  tests  are  conducted. 


If,  however,  the  numerical  coefficient  in  the  formula  is  not 
related  to  the  Reynolds  number,  as  is  the  case  in  the  Eiffel  equa¬ 
tion,  the  relationships  between  the  equipment  and  the  model  are 
determined  with  the  following  formula: 


=  AS’*“  . 
Rm  A  Sm 


(24) 


But  since  at  sn  v*  =  sM  vm  the  travel  resistance  of  the 

tank  is  due  to  water  turbulence  and  wave  motion,  i.e.  which  is 
caused  by  the  force  of  gravity,  and  the  dynamic  similarity  in  this 
case  for  speeds,  which  is  determined  by  the  Froude  number  (law 
of  similarity) 

(25) 


Consequently,  we  cannot  use  Eqs.  (24)  and  (25)  to  transfer 
the  test  results  to  the  equipment  itself. 

According  to  the  second  equation,  we  will  obtain  the  relative 
sizes  between  the  equipment  and  the  model  in  the  following  form: 


R  i»  A  G  n  v1,5  G  " 
~  A  Cmv'  s  ~  Gr* 


(26) 


i.e.  the  resistances  behave  in  relation  to  each  other  like  weights 
(at  the  same  speed)  a  fact  which  does  not  conform  to  the  Froude 
law  of  similarity. 

Consequently,  the  second  equation  must  be  regarded  as  em¬ 
pirical;  it  completely  reflects  the  type  of  body  movement  through 
the  water  stream. 

According  to  this  information,  all  that  is  left  to  us  is  to  apply 
the  Froude  method  to  recalculate  the  basic  values  from  the  model 
to  the  equipment. 

If  the  general  law  of  travel  resistance  against  movement  of  a 
body  in  liquid  is  expressed  by  the  following  equation: 

(27) 
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and  turbulence  resistance  by 

then  the  Froude  law  of  similarity  is  applicable  not  only  to  resis¬ 
tances  caused  by  viscosity  forces,  but  also  to  the  forces  in  the 
liquid  due  to  gravity. 

According  to  the  Froude  law,  the  final  resistances  (wave  and 
turbulence)  of  the  equipment  and  of  the  model  behave  in  relation 
to  each  other  as  weights: 

Gm 

We  are  assuming  that  r,  ry,  r£  and  rw  as  well  as  R,  Rv, 
and  Rw  --  are  the  complete  resistances  of  the  turbulence, 
friction  and  wave  resistances  of  the  model  and  thus  of  the  equip¬ 
ment  itself. 


Then,  maintaining  the  mutual  relationships  between  the  equip¬ 
ment  and  the  model,  i.  e.  at  v  =  constant,  we  will  obtain  the 


following  equation: 


v 


C. 

cm 


— 


i. 


e. 


(28) 


Formula  (28)  proves  that  in  order  to  make  the  transition  from 
the  results  of  towing  the  model  to  the  equipment  itself,  we  must 
calculate  the  resistance  of  the  model  and  of  the  equipment  accord¬ 
ing  to  the  Froude  Formula  R^  =  fSyl’ 

Friction  resistance  must  be  subtracted  from  the  results  of 
calculating  the  resistance  which  was  determined  experimentally 
at  the  appropriate  speed,  then  the  remainder  r  —  r£  must  be 
multiplied  by  Gn/Gm  and  added  to  the  results  of  the  determined 
equipment  resistance.  In  the  results  we  will  then  have  the  complete 
resistance  of  the  equipment. 

To  illustrate  more  clearly,  we  will  now  recalculate  the  basic 
values  of  the  model  onto  the  tank. 
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Figure  27.  Resistance  Curves 


When  the  model  is  being  towed  with  a  water  displacement  of 
Qm  =  180  kg  ,  and  a  submerged  surface  of  Sm  =3.2  m^,  the 
following  resistances  were  determined  as  a  function  of  velocity: 


Speed  of  Model 
being  Towed 
km/h 

Determined 

.  Resistance 

Friction 

Resistance 
according 
to  Froude 

Final 

Resistance 

2 

3.  5 

0.2 

3.3 

3 

8.2 

0.4 

7.8 

4 

15.  1 

0.7 

14.4 

5 

22.  7 

1.0 

21.7 

6 

30.  0 

1.5 

28.  5 

On  the  basis  of  the  determined  values  we  now  wish  to  plot 
curve  II  (Fig.  27)  and  then  plot  curve  I  on  the  basis  of  this  draw¬ 
ing: 

K  -  0,005  Gv's. 

As  we  see,  the  curve  transmitting  the  resistances  from  the 
model  to  the  equipment  is  very  similar  to  the  actual  curve.  Con¬ 
sequently,  the  Froude  method  for  processing  the  test  results  on 
models  (in  the  given  scale)  of  small  tanks  is  completely  applicable. 
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Corresponding 
Speeds  of 

the  Equipnent  Friction 

according  to  Resistance 

Towtng  Speed  the  froude  Final  Resistance  according  to  Complete 
of  the  Model  nunber  the  Fquipaent  Froude  Resistance 


fmjh 

km/h 

k8 

n 

*f 

2 

3.3 

ar.s 

2,4 

54.0 

3 

4.75 

122,0 

4.4 

126,4 

4 

6.6 

*25,0 

10,5 

*35  ,5 

5 

7,9 

339,0 

IS.O 

354.0 

6 

9.5 

445,0 

20,0 

465.5 

7.  Propeller 

The  propeller  is  composed  of  the  hub  and  the  blades  (Fig.  28); 
it  can  be  cast  in  one  piece  or  separately.  The  blade  forms  the 
main  part. 

To  obtain  a  concept  of  the  blade,  we  must  know  the  type  of 
surface  from  which  it  is  cut,  its  position,  its  shape  and  the  pro¬ 
file  of  its  cut. 

The  surface  of  a  propeller  blade  with  uniform  pitch  is  obtained 
by  uniformly  progressing  and  uniformly  turning  movement  of  the 
straight  line  OA  (Fig.  29).  In  this  case  point  O  slides  along  line 

°1°2* 

One  piece  is  cut  from  the  surface  obtained  in  this  manner  ac¬ 
cording  to  a  certain  shape  so  as  to  obtain  a  smaller  surface  (to 
reduce  friction  resistance)  and  a  short  hub. 

The  propeller  is  divided  into  the  following  parts:  "the  root" 
which  is  to  say  the  part  of  the  blade  on  the  hub,  the  end  of  the  blade 
(the  upper  edge),  the  front  leading  edge  and  the  rear  trailing  edge. 

The  surface  of  the  blade  turned  toward  the  tank  is  called  the 
front  surface  and  the  opposite  side,  the  rear  or  working  surface. 

In  the  selection  of  blade  shape  we  refer  to  the  available  proto¬ 
types.  The  blade  shape  exhibits  various  and  different  shapes.  The 
oval  surface  has  found  the  most  widespread  use. 
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The  motive  for  the  selection  of  shape  is  based  on  a  series 
of  considerations  such  as  the  hub  length  which  is  permissible 
according  to  local  conditions,  the  thickness  of  the  "root",  the 
lckness  of  the  blade  at  the  base  and  the  specific  surface  load. 
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We  must  add  parenthetically  that  the  shape  of  the  blade  exerts 
no  substantial  influence  on  the  efficiency  of  the  propeller. 

By  "profile"  of  the  propeller  section  we  mean  the  cylindrically 
shaped  blade  section,  the  line  of  axis  of  which  corresponds  with 
the  line  of  axis  of  the  propeller. 

In  everyday  usage  the  following  profiles  have  been  introduced 
(Fig.  30): 

a)  the  circular  segment  profile  (easy  to  manufacture  and  most 
widely  used), 

b)  in  the  shape  of  an  aircraft  propeller  blade, 

c)  vehicle  support  surface  shape, 

d)  double  convex. 

As  tests  of  the  Central  Office  for  Aero -hydrodynamics  have 
shown  (Fig.  31),  the  section  profile  shape  of  the  propeller  blade 
exerts  no  great  influence  on  the  propeller. 
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Figure  30.  Section  Profiles  of  the  Propeller  Blade 


With  regard  to  the  value  of  A  and  fit  see  formulas  (38). 

The  angle  0  (Fig.  32)  of  the  tilt  of  the  blade  section  to  the 
propeller  surface  is  important  for  the  position  of  the  propeller 
blade. 
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In  the  conclusions  concerning  propellers  in  the  literature, 
the  following  applications  are  found  for  the  structure  of  the  pro¬ 
peller  surface: 

The  design  surface  of  the  propeller  blade  Ap.  The  surface 
is  equal  to  the  surface  of  the  blade  projection  on  the  propeller 
surface  vertical  to  the  line  of  axis  (Fig.  32). 

The  developed  blade  surface  A^. 


Figure  32.  The  Most  Significant  Propeller  Values 


This  surface  equals  the  sum  of  the  surfaces  which  are  developed 
to  the  arc  surface  AB  which  ive  obtain  with  the  section  of  a  blade 
having  cylindrical  surfaces,  the  line  of  axis  of  which  coincides  with 
the  propeller  line  of  axis  while  the  radii  exhibit  successively  the 
following  values: 

r.  f—  I  t.  r  -  2  A  r  . 
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The  surface  of  each  arc  is  B  A  r,  where  b  is  the  propel¬ 
ler  blade  width  developed  to  the  surface  at  the  given  radius. 

The  surface  of  the  propeller  surface  or  working  surface  A 
{si c).  This  surface  is  as  large  as  the  circular  surface,  the 
diameter  of  which  equals  the  diameter  of  the  arc  which  describes 
the  outermost  points  of  the  propeller. 

a)  Description  of  the  Propellers  from  the  Geometrical  Stand¬ 
point  of  Fluid  Dynamics. 

The  diameter  D  of  a  propeller  is  its  most  important  char¬ 
acteristic.  By  propeller  diameter  we  mean  the  diameter  of  a 
circle  described  by  the  outermost  edges  of  the  propeller  blades. 

The  diameters  of  tank  propellers  range  between  0.35-0.6  m. 

The  next  characteristic  of  the  propeller  is  pitch.  The  concept 
"pitch  of  the  propeller"  rests  on  the  idea  that  it  screws  into  the 
water. 

The  path  which  all  points  on  the  propeller  traverses  as  it  turns, 
without  considering  slip,  is  called  (theoretical)  slip. 

To  approximately  determine  the  pitch  of  a  finished  propeller, 
the  propeller  must  be  placed  vertically  on  a  table  surface  and  by 
lifting  up  the  arc  of  the  blade  section,  determine  the  distance  of 
the  extreme  points  of  the  propeller  blade  from  the  table  as  well  as 
the  projection  width  of  the  blade  sections. 

If  the  distances  of  the  extreme  section  points  from  the  table  are 
hj  and  h.2  ,  and  the  width  of  the  projection  of  the  line  of  intersection 
is  b,  the  tg  of  the  pitch  angle  is  determined  according  to  the  fol¬ 
lowing  equation: 


and  the  pitch  of  the  propeller 

H  —  2  7r  rx>\£  &. 

where  r  is  the  radius  of  the  arc  section. 


The  path  traversed  by  the  tank  during  one  revolution  of  the 
propeller  is  designated  as  "propeller  path": 


where  r  is  the  tank  speed  in  m/s  and  n  is  the  propeller  rotational 

s 

speed  per  second. 


As  far  as  judging  propeller  efficiency  is  concerned,  the 
difference  between  the  propeller  path  and  the  vehicle  path  is 
important;  this  is  called  apparent  reversal  or  slip. 

The  actual  reversal  or  slip  is  represented  by  the  amount  of 
water  acceleration  on  which  propeller  thrust  depends.  If  this 
slip  is  zero,  then  propeller  thrust  and  thus  vehicle  movement 
stops. 

Theoretical  speed  of  a  propeller  is  designated  as  that  speed 
at  which  the  propeller  moves  forward  in  the  water  at  its  pitch: 

H  »,  (30) 


H  is  the  theoretical  propeller  path  and  n  is  the  rotational 
speed  of  the  propeller  per  second. 

By  actual  return  or  slip  we  mean  the  difference  between  the 
theoretical  propeller  path  and  water  acceleration  on  which  pro¬ 
peller  thrust  depends: 

H-Ha. 


The  apparent  return  or  slip  of  the  propeller  is  the  difference 
between  the  theoretical  and  actual  propeller  path  and  vehicle  path: 


H 


I 
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In  the  case  of  sea-going  ships,  slip  changes  from  20  to  40%; 
in  the  case  of  tanks  from  40-70%. 

b)  Identification  of  Ship  Propellers 

1.  According  to  direction  of  rotation  we  distinguish  between: 

a)  left-handed  and 

b)  right-handed  propellers. 

At  the  same  rotational  direction,  propellers  can  be  classi¬ 
fied  according  to  puller -type  and  pusher-type  propellers. 

2.  According  to  pitch: 

a)  propellers  with  constant,  invariable  pitch, 

b)  propellers  with  variable  pitch,  i.e.  that  the  pitch  cor¬ 
responds  to  each  radius. 
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Usually  the  pitch  is  increased  from  the  center  point  to  the 
circumference.  The  propellers  named  here  exhibit  no  advantages 
over  the  propellers  with  invariable  pitch. 

3.  According  to  the  number  of  blades: 

a)  two  blades, 

b)  three-bladed  and 

c)  four-bladed  propellers. 

The  fewer  blades  the  propeller  has,  the  less  the  resistance 
against  movement  and  the  greater  the  return  (slip)  and  the  less 
steady  its  performance. 

4.  According  to  the  constructional  material: 


Permissible 

stresses 

in  kg/cm^ 

Compression 

Tensile 

Strength 

Strength 

a)  Cast  iron  . 

_  550 

180 

b)  Steel  (cast  steel) . 

1900 

800 

c)  Bronze  (manganese  bronze)  .... 

900 

800 

5.  Propellers  whose  blades  can  be  adjusted  during  travel  are 
used  to  control  direction  of  travel  without  changing  the  rotational 
direction  of  the  propeller. 

c)  Operational  Method  and  Efficiency  of  the  Propeller 

The  purpose  of  the  propeller  is  to  convert  the  rotational  move¬ 
ments  generated  by  the  engine  into  thrust. 

By  turning  a  machine  screw  into  a  stationary  nut  and  exerting 
a  certain  force  the  screw  can  turn  a  body  in  front  of  it  (as  a  result 
of  the  reaction  exerted  by  the  thread  of  the  nut,  i.  e.  the  nut  is  the 
stationary  support  of  the  screw). 

There  is  no  such  support  point  for  a  ship's  propeller.  Ship's 
propellers  can  only  be  supported  on  the  moving  water. 

For  this  reason,  in  order  to  achieve  a  reaction  on  the  part  of 
the  liquid,  it  is  necessary  that  a  certain  amount  of  water  be  centri¬ 
fuged  away  at  a  certain  speed  in  the  opposite  direction. 
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When  we  repel  any  surface  of  the  water,  we  can  generate 
no  reaction  of  the  liquid  without  giving  it  velocity  because  as  a 
result  of  viscosity,  forces  of  friction  can  only  be  effective  with 
the  movement  of  a  liquid  layer  and  the  weight  of  the  water  can 
cause  a  reaction  only  with  a  non-uniform  movement. 

Consequently,  in  order  to  move  a  tank,  it  is  necessary  to 
centrifuge  the  water  at  certain  speed  in  the  direction  opposite 
the  movement  which  is  accomplished  by  twisting  the  propeller 
blade  from  the  hub  to  the  blade  tip. 

While  the  leading  edge  of  the  blade  moves  in  the  water,  the 
trailing  edge  projected  on  the  water  surface  is  at  a  greater  dis¬ 
tance  from  a  certain  point  than  the  leading  edge,  so  that  the  water 
layer  which  comes  into  contact  with  the  blade  surface  is  centri¬ 
fuged  backward  when  the  propeller  turns.  The  result  is  a  reaction 
of  the  liquid  which  thrusts  the  tank  forward. 

When  the  tank  moves,  the  following  movement  occurs  in  the 
water.  At  a  great  distance  from  the  propeller,  water  velocity 
equals  zero.  In  the  immediate  vicinity,  1-2  diameter  lengths 
from  the  propeller,  the  water  already  exhibits  a  certain  velocity 
which  is  increased  more  and  more  in  the  direction  of  the  pro¬ 
peller. 

The  flow  velocity  directly  behind  the  propeller  (as  a  result 
of  thrust)  will  be  designated  by  us  as  actual  return  or  slip. 

Behind  the  propeller,  in  relation  to  slip,  the  water  jet  is  con¬ 
stricted  which  generates  a  greater  power  consumption.  In  addition 
the  mass  of  water  in  question  is  given  a  rotating  motion  which  re¬ 
quires  an  additional  power  efficiency  (Fig.  33). 

The  water  flowing  toward  the  propeller  (suction)  is  due  to  the 
fact  that  the  pressure  in  front  of  the  frontal  surface  is  negative, 
so  that  the  water  layer  in  front  of  the  propeller  flows  toward  the 
propeller  at  a  certain  velocity. 

If  the  propeller  is  mounted  too  close  to  the  stern,  the  water 
flow  toward  the  propeller  will  cause  a  pressure  decrease  on  the 
stern  and  thus  the  resistance  against  tank  movement  will  be  addi¬ 
tionally  increased. 

At  a  certain  (large)  rotational  speed,  the  water  flow  declines. 
The  space  in  front  of  the  propeller  is  filled  with  air  bubbles  which 
causes  a  considerable  reduction  of  thrust  and  consequently  of  tank 
speed.  This  phenomenon  is  designated  as  "cavitation"  of  the  pro¬ 
peller. 
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Figure  33.  Behavior  of  the  Water  Filaments  in  the  Propeller 


In  order  to  avoid  this  phenomenon,  it  is  necessary  to  adhere 
to  the  following  precondition  for  circumferential  speed  u  and 
specific  propeller  load  p: 


m  <  SO — SS  m/«, 


Consequently,  the  engine  power  at  normal  operation  of  the 
propeller  is  used  for  the  following: 

1.  To  overcome  the  resistance  against  forward  movement  of 
the  tank  N, 

2.  To  constrict  the  water  jet  Nj, 

3.  To  turn  the  water  jet  N2,  and 

4.  To  overcome  friction  of  the  propeller  blades  N3  on  the 
water. 

Consequently,  we  can  write  the  following  equation  for  the  co¬ 
efficient  of  progressive  movement  without  considering  the  influenc 
of  the  hull: 


d)  Behavior  of  Particles  (Elements)  of  the  Free  Propeller 

By  a  free  propeller  we  mean  a  propeller  which  can  be  put 
into  operation  in  water  without  the  tank;  i.e.  it  is  installed  in 
such  a  way  that  the  water  movements  generated  by  the  moving 
tank  in  the  water  do  not  touch  the  propeller. 

By  an  "element"  of  the  propeller,  we  mean  the  small  arc  of 
the  propeller  blade  which  was  cut  out  with  two  cylindrical  surfaces 
with  the  radii  r  and  r  —  6r. 

We  wish  to  give  closer  consideration  to  the  movement  of  the 
small  arc  and  to  the  forces  being  exerted  on  it. 

We  select  a  small  arc  of  a  propeller  blade  which  is  located 
at  an  angle  ©  to  the  propeller  surface.  By  turning  the  propeller, 
the  small  arc  of  the  propeller  blade  will  traverse  a  distance  of  AB 
within  one  second,  where  u  is  the  circumferential  speed  of  the 
blade  points  with  the  radius  of  the  section. 

In  the  same  time,  this  small  arc  together  with  the  propeller 
hub  will  traverse  a  distance  at  speed  v,  the  speed  of  the  hub. 

As  a  final  result,  the  small  arc  will  be  shifted  on  the  line  AC 
at  a  speed  equal  to  the  section  AC.  Actually,  when  considering  the 
water  flow  toward  the  propeller  and  a  certain  angular  velocity  of 
the  water,  the  speed  will  equal  the  distance  AD  and  be  directed  in 
direction  AD. 

Consequently,  the  section  AD  is  the  geometrical  total  of  sec¬ 
tions  AC  and  DC. 

Of  course,  the  reaction  of  the  water  6Ry  (the  buoyancy  force) 
which  reacts  on  the  small  arc,  will  run  parallel  to  the  section  CD, 
insofar  as  the  movement  of  the  liquid  runs  in  the  direction  of  action 
of  force. 

It  is  easy  to  see  that  if  no  friction  forces  occur,  the  section 
CD  will  be  located  vertically  to  AD,  or,  which  amounts  to  the  same 
thing,  6  Ry  will  be  vertical  to  AD;  for  this  reason  we  obtain  the 
following  equality: 

&P^<=6Q*, 

where  vj  is  the  axial  velocity  of  the  propeller  in  comparison  to 
the  turbulent  water. 

The  friction  force  6  Rx  diverts  5  Ry  into  the  position  SR,  and 
thus  CD  deviates  from  the  vertical  direction  to  AD. 
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If  we  breakdown  &R  into  components,  we  obtain  6P  the 
resistance  pressure  and  &Q  the  tangential  force. 

If  the  propeller  would  move  in  the  water  like  a  screw  into  a 
nut,  then  this  section  of  the  propeller  blade  would  reach  point  E 
in  one  second.  Section  EF  shows  us  the  actual  return  or  slip 
and  section  FC  shows  us  the  apparent  return  or  slip  due  to  suction. 

The  angle  <X  which  is  formed  by  the  chord  of  the  propeller 
blade  section  and  the  direction  line  of  relative  speed  AD  is  desig¬ 
nated  as  the  section  angle  of  pitch. 


Figure  34.  The  Polygon  of  Velocities  in  the  Propeller's  Plane 

of  Revolution 


Figure  35.  Pressure  Distribution  on  the  Blade  Section 
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We  are  assuming  that  the  section  of  the  propeller  blade  has 
a  symmetrical  shape  and  when  the  propeller  turns  in  the  water 
it  reaches  point  E  within  one  second.  In  this  case,  the  velocity 
CD  of  the  water  being  churned  up  by  the  propeller  and  the  angle 
of  pitch  C<  will  equal  zero  and  in  accordance  with  these  conditions 
the  pitch  BE  =  Hn  is  called  the  path  of  zero  resistance. 

Since  in  most  cases  the  section  of  the  propeller  blade  is 
asymmetrical,  the  speeds  of  the  water  currents  which  flow  around 
the  section  on  the  front  and  rear  operating  surface  are  not  equal 
(due  to  the  inequality  of  the  paths  traversed  by  the  currents)  (Fig. 
35). 

As  a  final  result  the  force  of  pressure  being  exerted  on  both 
surfaces  (which  are  directed  toward  the  opposite  side)  will  also 
equal  0,  and  the  small  arc  will  receive  a  thrust  from  the  side  of 
the  liquid  which  equals  zero,  if  the  pitch  BG  is  greater  than  the 
theoretical  propeller  path  BE  (Fig.  34). 

In  this  case  we  are  dealing  with  an  apparent  slip  GE  and  a 
negative  angle  of  pitch.  The  dynamic  pitch  GE,  which  corres¬ 
ponds  to  zero  resistance,  will  be  designated  as  dynamic  pitch. 

Calculation  of  R  R 

y  x 

The  values  Ry  and  Rx  are  calculated  according  to  the  ex¬ 
perimental  coefficients  Cy  and  Cx,  the  magnitude  of  which  were 
determined  according  to  the  law  of  similarity  by  measurements 
in  the  test  channel  and  by  recalculation  of  the  forces  determined 
from  the  test  model  and  transferred  to  the  actual  equipment. 

All  such  bodies,  which  are  found  in  a  similar  position,  un¬ 
dergo  hydrodynamic  forces  on  the  side  of  the  liquid  which  are 
calculated  according  to  the  following  formulas: 


whereby 


B,-=C,eFv>  \ 
Fv*  ) 


(33) 


F  is  the  surface  of  the  section  in  (projected  surface), 
v  is  the  speed  in  m/sec. 


According  to  the  formulas  cited  above 
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According  to  flow  measurements  on  the  test  channel,  the 
result  is  usually  represented  in  the  form  of  curves,  where 
one  curve  Cy  =  fj(Of  )  yields  the  other  Cy  =  f2(0O. 

c)  Influence  on  the  Propeller  Efficiency  when  Mounted  on 
the  Rear  of  the  Tank. 

The  operation  of  a  free  propeller,  as  is  usually  the  case  in 
tests,  differs  from  the  operation  of  propellers  mounted  on  the 
stern. 

Two  additional  preconditions  must  be  considered: 

1.  The  propeller  suction  as  a  result  of  a  pressure  decline 
between  stern  and  propeller.  For  this  reason,  instead 
of  thrust  P  which  equals  the  resistance  against  move¬ 
ment  of  the  tank  R0,  the  propeller  must  develop  the 
following  power: 


the  coefficient 


I  -  t 


A-  P 


(34) 


is  designated  as  propeller  suction  coefficient. 

2.  The  hull  generates  a  concurrent  flow,  i.e.  a  flow  with 
which  a  certain  amount  of  water  is  drawn  along  by  the 
tank  at  a  certain  speed  in  the  direction  of  travel. 

This  flow  (indraft)  is  caused  by: 


a)  the  friction  between  water  and  hull, 

b)  by  the  tendency  of  the  ambient  water  to  fill  up  the 
space  from  which  water  has  been  displaced  by  the 
underpart  of  the  tank. 


At  a  speed  of  this  indraft  of  vw  the  speed  of  the  propeller 
stream  is  as  follows: 

*=  t>  (  l - to) 

where  w  is  the  indraft  coefficient. 

The  relation: 

» (l  —  —  1 — ■»  (35) 

is  designated  as  the  coefficient  of  the  influence  of  the  indraft. 
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Consequently,  this  total  coefficient  of  the  influence  of  the 
hull  is  determined  according  to  the  equation 

•  (36) 


and  the  total  coefficient  (total  efficiency)  of  forward  movement  of 
the  propeller  is  determined  according  to  the  equation: 

•  (37) 


Usually  we  assume  that  t  =  w,  i.e.  that  the  free  propeller 
and  the  one  behind  the  stern  are  in  operation  in  the  sense  of  the 
coefficient  of  forward  motion  under  the  same  preconditions. 


f)  Special  Remarks  on  the  Influence  of  the  Shape  of  the  Tank 
Stern  on  the  Efficiency  of  the  Propeller. 

Aside  from  the  reasons  already  cited,  the  shape  of  the  stern 
and  the  distance  of  the  propeller  from  the  stern  surface  has  a  very 
decisive  influence  on  the  efficiency  of  the  propeller.  We  are  as¬ 
suming  that  we  are  dealing  with  the  usual  outline  of  the  tank  stern 
and  with  an  anchored  propeller. 

At  a  large  angle  &  and  a  small  angle  x,  the  water  flowing 
under  the  bottom  of  the  tank  can  flow  further  without  coming  in 
contact  with  the  propeller,  so  that  it  will  turn  in  "dead"  water. 


Figure  36.  Propeller  Behind  the  Stern 


In  order  to  avoid  this,  it  seems  desirable  to  have  a  small  angle 
C *  and  a  sufficiently  large  value  of  x. 
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But  the  angle  increases  the  space  not  utilized  in  the  tank  hull 
and  at  a  higher  value  of  x  it  can  happen  that  the  propeller  breaks 
when  the  tank  is  surmounting  obstacles. 

These  mutually  opposite  preconditions  for  the  operation  of 
the  propeller  can  be  fulfilled  satisfactorily  only  by  experience 
(tests). 

The  same  must  be  said  for  the  tunnel  propeller  which  is  used 
whenever  the  tank  stern  has  a  vertical  surface  according  to  design 
or  has  such  an  outline  that  special  recesses  must  be  provided  to 
protect  the  propeller  against  break  when  traveling  over  terrain. 

It  can  also  happen  here  that  the  preconditions  for  the  influx  of 
water  are  not  fulfilled  satisfactorily  and  that  the  propeller  does 
not  generate  the  thrust  necessary  for  forward  motion. 

As  a  result  of  these  preconditions,  the  diameter  of  the  pro¬ 
peller  on  the  tank  is  not  larger  than  0.5  m  which  means  that 
propeller  efficiency  is  very  small  at  large  water  resistance  a- 
gainst  tank  forward  movement  and  consequently  there  will  be  low 
thrust  unless  the  manufacturer  can  make  many  changes. 


g)  Selection  of  the  Propeller 

The  main  purpose  of  studies  devoted  to  ship  propellers  should 
offer  the  reader  opportunity  to  select  the  best  propeller  with  the 
greatest  efficiency  on  the  basis  of  general  considerations  in  regard 
to  design  and  method  of  operation. 

The  propeller  is  selected  on  the  basis  of  tables  drawn  up  by 
Taylor  (USA)  and  Schaffran  (Germany). 

Drawings  were  made  up  on  the  basis  of  tests  according  to 
which  it  is  possible  to  select  the  appropriate  pitch  and  efficiency 
in  relation  to  the  size  of  the  blade  surface  at  given  speed  and  per¬ 
formance. 

The  test  results  with  screws  of  the  respective  (given)  mag¬ 
nitudes  at  certain  speeds  can  be  extended  to  other  propeller  sizes 
and  other  preconditions  (traveling  speed,  type  of  liquid);  but  care 
must  be  taken  that  the  similarity  of  the  propellers  and  the  pre¬ 
conditions  remain  similar  for  their  operation. 

Similar  propellers  are  those  with  which  the  mutual  dimensional 
relationships  have  a  constant  value. 
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Similar  operational  conditions  are  those  where  an  equality 
prevails  between  the  following  coefficients: 


A.  -hfr. 

nt  O 

N 


o 1 ts 


e*», 

p 


:  p* 


(38) 


v  is  the  amphibious  speed  of  the  tank  in  m/sec,  i.e.  the 
w 

speed  in  the  propeller  plane  with  consideration  of  the  indraft  co¬ 
efficient. 

ns  =  the  rotational  speed  of  the  propeller  per  sec., 

D  =  the  diameter  of  the  propeller  in  m, 

N  =  the  power  furnished  by  the  engine  in  mkg/sec.  , 

£  =  water  viscosity;  in  fresh  water  is 

e  ~  Q.IQ2  jfeV  , 

*  »  m* 

The  preconditions  with  regard  to  the  similarity  of  propellers 
are  adhered  to  if  the  values  A  ,  jS  and  oC  are  equal. 

It  is  easy  to  become  convinced  that  the  coefficient  of  progres¬ 
sive  movement  of  the  propeller  can  be  expressed  by  the  named 
coefficients  in  the  following  equation: 


etl 

•>my-  (39) 

Of  all  the  reworked  Schaffran  diagrams,  the  simplest  from 
the  standpoint  of  applicability  are  those  by  Schmidt,  which  I  intro¬ 
duce  here  as  an  example  (Fig.  37). 

Log  P  is  divided  on  the  axis  of  the  ordinates  and  log  A  on  the 
axis  of  the  abscissa.  The  numerical  values  of  these  magnitudes 
are  given  on  the  diagram. 

To  recognize  how  the  change  of  the  diameter  or  the  rotational 
speed  affects  propeller  efficiency  at  the  given  fi  and  A  ,  it  is 
sufficient  to  draw  straight  lines  with  the  pitch  5/1  and  3/1  to  the 
abscissa  from  the  initial  point  of  the  coordinates. 


Figure  37.  Diagram  by  Schaffran  for  the  Selection  of  Propellers, 

reworked  by  Schmidt. 


If  we  have  a  point  on  the  diagram  for  the  given  magnitudes  P 
and  A-  and  we  would  like  to  achieve  a  change  of  the  propeller 
diameter,  then  we  will  determine  a  change  of  the  coordinates 
from  the  following  equations: 


*°*  tart)  ~ log  tacV) "  “ (log  Dl  ~ 108  D,) 


log 


—  S  (log/),— lag  !>,). 


Consequently,  the  sections  which  correspond  to  the  follow¬ 
ing  values:  {log  D ^  —  log  Dj)  and  — 5(log  D2  -  log  Dj)  will  come 
under  consideration  as  the  coordinates  of  the  new  point;  i.  e.  all 
new  points  on  the  diagram  which  result  from  the  change  of  the 
propeller  diameter  will  lie  on  the  straight  line  with  the  inclination 
5:1. 


With  appropriate  considerations  we  can  also  prove  that  all 
new  points  with  a  change  of  the  rotational  velocity  rate  will  lie 
on  a  straight  line  with  the  angular  coefficient  3. 

I  will  now  introduce  an  example  for  the  choice  of  a  pro¬ 
peller  by  using  the  aforementioned  Schmidt  diagrams. 

I  will  assume  that  we  are  seeking  a  tank  propeller  whose 
travel  resistance  curve  is  known  and  whose  desired  velocity  is 
planned  as  8  km/h,  so  that  the  corresponding  resistance  will  be 
425  kg. 

We  will  first  take  up  the  dimensional  data  for  the  propeller: 
according  to  design  we  will  select  a  propeller  with  a  0.  4  m  di¬ 
ameter. 

The  propeller  has  three  blades  (with  consideration  of  the 
specific  load  of  the  unit  surface  of  the  proposed  surface  AD). 

The  rotational  speed  is  1300. 

We  select  the  ratio  between  the  proposed  and  the  pass  through 
surface: 


We  wish  to  select  the  theoretical  speed  of  the  tank  at  which 
the  propellor  thrust  amounts  to  425  kg. 

For  this  purpose  we  turn  to  approximate  formulas  for  thrust: 

f  =e  Ad*T(oT-v). 

Here  P  is  thrust;  in  our  case  P  amounts  to  425  kg  and 
the  water  viscosity -  1000  kg/m^. 

We  wjll  substitute  the  known  values  into  the  equation  and  obtain 
the  following  equation: 


v,.  —  2.2  vr-  34.6  -  o 


From  this  we  obtain: 


VT  =  1.11  ±  yi.U*  +  34,6  -  +  7,2  m/**.  =  26  km/h . 


In  approximate  magnitude  (without  considering  the  indraft  co¬ 
efficient)  we  determine  the  propeller  efficiency  according  to  the 
following  equation: 


9  —  s=  o  ,m. 

Vr 
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Consequently,  the  necessary  power  efficiency  for  driving 
the  amphibious  tank  at  v  =  8  km/h  and  P  =  425  kg  will  be 

N  „  =  41  HP 

470  •  0,308 

We  are  assuming  that  N  =  40  HP. 

Now  we  have  the  following  initial  basic  values  for  selecting 
the  propeller: 

Propeller  diameter  D  =  0.  4  m, 

Number  of  blades:  3, 

Rotational  rate  of  the  propeller  per  minute  1300. 

The  power  efficiency  required  from  the  engine  N  =  40  HP. 

We  are  assuming  that  the  indraft  is  w  =  0.25  and  the  suction 
coefficient  is  t  =  0.25. 

The  speed  of  the  propeller  plate  is: 

g 

®«r  *=  jj-g  (l  —  0,25)  =  1,66  m/sec. 

'“SERB--0'193 

^  0,10, ■  21,7*- 0,4s  *  s'7*' 

We  select  the  diagram  for  the  propeller  with  three  blades, 
the  one  with  the  oval  blades  in  row  B  1. 

If  we  divide  the  determined  values  X  and  jS  we  will  find  that 
h  =  H/D  =0.9  and  ^  =  approx.  0.23,  because  the  point  lies  al¬ 
most  beyond  the  boundaries  of  the  curves. 

In  order  that  the  propeller  does  not  "cavitate",  the  specific 
load  must  not  be  selected  higher  than  1.0-1.  1  kg/cm^  and  the 
circumferential  speed  of  the  blades  u  (for  ships)  must  not  be 
selected  higher  than  50-60  m/sec. 

In  our  case 


P  =  =  0.66  kg/cm1  end 

*  =  87,0  m /sec. 
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